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PRFFACE 

The-holding of annual scientific and technical conferences on the problem 
of titanium has become an established tradition. At such conferences, the re- 
sults of research done by many scientific institutions and enterprises on vari- 
ous aspects of this problem during the preceding year are presented, and plans 
are drawn up for the further development of research and experimental industrial 
work on titanium and its alloys. 

The present collection includes the works of the Fifth Scientific Confer- 
ence, held in MOSCOW in March, 1963. 

The section "Metal Chemistry of Titanium Alloys" offers the results of 
a f'urther development in research on the chemical interaction between titanium 
and the major elements of the periodic system in simple and multicomponent sys- 
tems, and presents phase diagrams with titanium as the main component that are 
of great scientific and practical interest. 

Of particular importance are the results of research on tbe interaction of 
titanium and its alloys with gaseous admixtures, particularly oxygen, nitrogen, 
and hydrogen, and on the influence of these admixtures on the physical and me- 
chanical properties of the alloys described in the second section of the collec- 
tion. This section also provides data on the chemical stability and corrosion 
resistance of titanium and some of its alloys in various corrosive media. 

The physical and mechanical properties of the alloys, the results of stud- 
ies of the creep and relaxation resistance and comparative high-temperature 
strength of experimental industrial and mass produced alloys are comprehensively 
discussed in the third section of the collection. 

The present collection constitutes evidence of the further progress made 
in the research on processes and phenomena taking place in titanium alloys 
under various conditions of industrial production and application, and directs 
the scientific and engineering thought toward the establishment of new goals in 
the problem of titanium and its alloys. 

It is hoped that the publication of the present collection will be met 
with interest by the scientists, engineers, and technicians of the country and 
will foster further progress in the scientific investigation, production and 
extensive introduction of titanium and its alloys into various branches of 
modern technology. 

I. I. Kornilov 
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PART I. METAL CHEMISTRY OF TITANIUM ALLOYS 

PROSPECTS FOR THE DEVELOPMENT OF INVESTIGATIONS OF THE HEAT 
F33SISTANCE OF TITANIUM KWLOYS 

I. I. Kornilov 

The problem of development of investigations into the heat resistance of 
titanium alloys has not been extensively treated in the literature. The state- 
ments of certain authors to the effect that on the basis of calculations or' the 
diff'usional mobility of titanium atoms it is difficult to expect a rise in the 
temperature limit of the high-temperature strength of titanium alloys above 
400-4>O0 are incorrect and have not been confirmed in practice. 
form, titanium displays creep even at room temperature, and this creep increases 
with rising temperature. 

In its pure 

There are some real possibilities of substantially increasing the high re- 
They pertain to the physicochemical factors of the hard- sistance of titanium. 

ening of metals. By increasing the strength of the chemical bond obtained by 
forming solid solutions and compounds of titanium, one can raise the tempera- 
ture level of the strength of titanium. .These basic factors involved in rais- 
ing the high-temperature strength of metals are discussed in references 1-4. 

From the standpoint of the physicochemical theory of heat resistance of 
metal alloys which we formulated and developed (ref. 3), high-temperature hard- 
ening is determined by the nature of the chemical interaction of the components, 
the nature of the phases formed in the system, their state, which depends on 
equilibrium factors, and transformations in the solid state. An increase in 
high-temperature strength is achieved primarily as a result of the action of 
the solution and dispersion mechanisms of hardening of metal alloys (ref. 3). 
For this reason, an important aspect of the high-temperature strength of ti- 
tanium alloys is the interaction of titanium with other elements. 

On the basis of the chemical. properties of titanium (refs. 4 and 5), we 
divided all the elements of the periodic system into three main groups in re- 
lation to titanium; these elements form with the latter: 

(1) continuous solid solutions; 
(2) limited solid solutions'with metal compounds, and 
(3) ionic compounds. 



Of all the elements of the periodic system, those which are the most im- 
portant for alloying titanium and hardening its alloys at high temperatures are 
those which we classified in the first and second group. There are over 50 
such elements. 

According to the classification which we adopted (ref. 4), the elements of 
these two groups are characterized by the following types of equilibrium dia- 
grams : 

1. Continuous solid solutions with CY- and 6-modifications of titanium, 
with B 3 a-transformations; these include systems of titanium with its close 
analogues Zr and Hf. 

2. Continuous solid solutions with @-Ti, very limited solid solutions 
with a-Ti, and the two-phase 8 + CY region; these include systems of titanium 
with metals of transition groups located close to titanium: V, Nb, Ta, Mo and 
U. 

3. Limited solid solutions of a- and P-Ti with a peritectoid reaction and 
formation of compounds; these include systems with Al, Ge, Sn, Pb, La, Ce, B, 
C, 0, N, etc. 

4. Limited solid solutions of CY- and P-Ti with a eutectoid reaction and 
the formation of compounds; these include systems with Cr, Mn, Fe, Co, Ni, Cu, 
Si, and many others. 

All these types of interaction are reflected in the phase diagrams of 
these systems (ref. 6). We represented them in reference 5 in the form of gen- 
eralized equilibrium diagrams according to the types of interaction. 

In addition to these equilibrium diagrams of binary systems, one can a lso  
distinguish, in the corresponding ternary and more complex systems, quasi-binary 
and quasi-ternary gystems which include systems made up of two, three or more 
metallic compounds of titanium. Among them, one can distinguish systems com- 
posed of isomorphous compounds such as Ti Al-Ti Sn, Ti a-Ti In, Ti Sn-Ti In, 

3 3 3 3 3 3 
TiCr TiFe2, TiCr2-ZrCr2, Ti Al-Ti Sn-Ti In, and many others. When certain 

2- 3 3 3 
conditions are maiytained, all these systems of metallic compounds are capable 
of producing solid metallic solutions or ternary compounds. 

The physicochemical theory of high-temperature strength (ref. 3) and the 
equilibrium diagrams of the systems make it possible to determine the depend- 
ence of the high-temperature strength on the composition and structure of the 
alloys, and to use the derived relationships for the establishmert of the sci- 
entific principles to be used in the development of new heat-resistant titanium 
alloys. 

Let us examine some experimental data on the high-temperature strength of 
titanium systems. As was shown in references 7 and 8 in the Ti-Zr system at 
relatively low tempellatures (300-400°), the high- temperature strength in the 
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region of continuous solid solutions based on cu-Ti changes with the composition 
by passing through a smooth maximum; as the temperature of the CY 2 B transfor- 
mation (8600) is approached, the high-temperature strength is affected by the 
activated state of the atoms in the solid solution, which causes an increase in 
the rate of creep of the alloys. The same type of change in high-temperature 
strength should be expected in the Ti-Ilf system. 

In systems with continuous $ solid solutions limited by Q solid solutions 
of titanium and an intermediate two-phase cy + $ region, the high-temperature 
strength not only increases in the region of CY solid solutions, reaching a small 
maximum near the boundary of the two-phase cy + $ region; in the two-phase region, 
the high-temperature strength decreases considerably, and as one moves into the 
region of $ solid solutions and of increasing concentratLon of elements, the 
high-temperature strength increases again. We illustrated this with examples of 
the high-temperature strength of Ti-V and Ti-Nb systems (ref. 9 ) .  "Composition- 
high-temperature strength" diagrams of the systems Ti-Mo and Ti-Ta, which have 
not been studied experimentally, should be similar in character. Thus, in sys- 
tems with continuous solid solutions and limited CY solid solutions, the 
"composition-high-temperature strength" diagrams show only one maximum near the 
boundary of the a t f3 transformation, a minimum in the region of a: + p phases, 
and an increase in high-temperature strength in the region of p solid solutions. 
Elements forming limited solid solutions with a peritectoid reaction have an 
appreciable effect on the increase in the high-temperature strength of titanium. 
Most effective in this respect were found to be alloys of the Ti-& system in 
the region of a limited solid solutions. Here a major part is apparently played 
by Kurnakov-type compounds, which form in this system owing to the ordering of 
the structure of a solid solutions. Without considering the results of studies 
(refs. 5, 6, 10 and 11) on the refinement of the equilibrium diagram of the 
system to be definitive, one can tell that from the a solid solutions of this 
system are formed the compounds ~ i 6 ~  and Ti & (ref. 11) and, according to 

literature data (ref. 6), the compound TIM, which crystallizes from the peri- 
tectic reaction. The presence of these compounds is particularly manifested in 
the variation of the mechanical properties (ref. 12) and high-temperature 
strength (ref. 13)  of alloys of this system. The Ti-Sn is interesting in this 
respect. It also has a region of limited a solid solutions with a peritectoid 
reaction, and the compound Ti3Sn, having a hexagonal lattice, is formed therein 
(ref. 14). 
limited a solid solutions is characterized by a maximum near the limit of maxi- 
mum solubility, a maximum vaiue of the high-temperature strength of the 6 phase 
based on the compound Ti Sn, and a minimum of high-temperature strengti in the 

two-phase a: + 6 region. "Composition-high-temperature strength" diagrams of 
this type should apply to the following analogous systems with limited solid 
solutions: Ti-Ag, Ti-Ge, Ti-In, Ti-Gay Ti-Pb, Ti-Ce, etc. 

3 

The high-temperature strength of the alloys f J f  this system with 

3 

The above-enumerated systems of limited a solid solutions of titanium and 
peritectoid reactions are the most promising for the development of heat- 
resistant titanium alloys. The high-temperature strength of systems with a low 
solubility of the components in a-Ti and a eutectoid reaction has been studied 
to a lesser extent. These systems (fig. 1) are characterized by low tempera- 
tures of the eutectoid transformation. The lowest temperature of the eutectoid 
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Content of element, at. percent 

Figure 1. 
with a eutectoid transformation. 1, Ti-Cr; 
2, Ti-Mn; 3, Ti-Fe; 4, Ti-Co; 5, Ti-Ni. 

Phase diagrams of titanium systems 

transformation is found in the system Ti-Mn; the temperature of the eutectoid 
transformation rises as the elements of the 4th period become farther removed 
from Ti. On this basis, elements of the 4th period can be arranged in a series 
characterized by a gradual rise in the temperature of the eutectoid transfoma- 
tion, as follows: 
Fe from the sequence of this series has thus far remained unexplained. The 
solubility of these metals in a-Ti (fig. 1) amounts to tenths of one percent, 
with the exception of copper, in which it attains 2 atomic (at.) percent. The 
very limited solubility of these metals in a-Ti and the eutectoid transformation 
determine the high-temperature strength of the alloys of similar binary systems. 
A low strength can be expected in the systems Ti-Mn and Ti-Fe with low tempera- 
tures of the eutectoid transformation and a gradual rise in this strength can be 
expected as one passes to the systems Ti-Cr, Ti-Co and Ti-Ni, since in the lat- 
ter a gradual rise in the temperatures of the eutectoid transformation is ob- 
served. The highest values of the high-temperature strength can be assumed to 
prevail in alloys of the system Ti-Cu, both because of the high concentration of 
solid solutions of copper in a-Ti, and because of the maximum value of the tem- 
perature of the eutectoid transformation of this system. An additional harden- 
ing in these systems also can be caused by dispersed precipitates of the excess 
phase from supersaturated a solid solutions of titanium. However, no experi- 
mental data are available on the high-temperature strength of such binary sys- 
tems, and the latter must be investigated independently. 

Mn + Fe + Cr+ Co + Ni + Cu. A certain deviation of Mn and 

Systems composed of titanium compounds with other metals are promising for 
increasing the high-temperature strength of titanium. One of such interesting 
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systems i s  a quasi-binary sec t ion  of t h e  t e rna ry  system Ti-Al-Sn (refs. 15 and 
16) passing through t h e  compositions of two compounds: 

experimental study of t h i s  system showed t h a t  on t h e  polythermal sec t ion  of t h e  
a l loys  of these  two compounds a t  high temperatures ( f ig .  2, upper p a r t ) ,  t h e  
system i s  not quasi-binary and t h e  a l loys  c r y s t a l l i z e  i n  the  e u t e c t i c  type. A t  
low temperatures, below t h e  temperature of formation of the  compound T i  Al from 

T i  A i  and T i  Sn. 3 3 
An 

3 
t h e  a s o l i d  solut ion,  t h e  system becomes a quasi-binary one 
t e rme ta l l i c  compounds, Ti3Al-Ti Sn, T i  Al being formed from 3 3 
t i o n ,  and T i  Sn being formed during c rys t a l f i za t ion .  These 3 

composed of two in- 
t h e  a so l id  solu- 

two compounds with 

an isomorphous hexagonal l a t t i c e  form continuous s o l i d  so ludions ,  a s  w a s  shown 
i n  reference 16. 

A study of t h e  high-temperature s t rength  of t h e  a l loys  of t h i s  sec t ion  as 
a funct ion of T i  Sn content (by t h e  f l e x u r a l  method) has shown t h a t  t h e  s t rength  

changes i n  accordance with t h e  "composition-high-temperature s t rength" dYagram 
of the  first type. 

3 

AS i s  evident from t h e  s e r i e s  of curves i n  the  lower p a r t  of 

6 =  

6 =  

( T =  

( T =  

TL,AL Z f f  40 60 BO TL$n 

Ti3SN, w t  percent  
Figure 2. Phase diagrams and composition versus 
high-temperature s t r eng th  of a l loys  of t h e  t e rna ry  
system Ti-Al-Sn along t h e  sec t ion  T i  Al-Ti  Sn. 

3 3 
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f igure  2, t he  t i m e  necessary f o r  the  bending de f l ec t ion  t o  reach 2, 3, 4, 5 and 
7 mm passes through a smooth maximum i n  t h e  region of a l loys  containing 40-60 
percent T i  Sn. 

15-23 kg/mm2. 
pos i t ions  of t h e  compounds Ti~m-Ti Sn. 

The se lec ted  temperatures were 700-750°, and the  s t r e s ses ,  3 
W e  obtained similar r e s u l t s  on the  sec t ion  corresponding t o  com- 

3 
Taking as t h e  b a s i s  t h e  compositions of t h e  compounds Ti@ and Ti3=, by 

addi t iona l  a l loying with hardening elements, t h e  author  i n  co l labora t ion  with 
T. T. Nartova developed new hea t - r e s i s t an t  t i tanium a l loys  based on T i @  com- 

pounds with a working temperature up t o  TOO0, and a l loys  based on Ti3Al  with a 

working temperature up t o  800° (refs. 17 and 18). 

I n  a study of t h e  s t ress - rupture  s t r eng th  of a l loys  based on t h e  compound 
Ti6Al a t  TOO0 ( f ig .  3) by the  standard extension method, w e  es tabl ished the  de- 

pendence of t h e  t i m e  of f a i l u r e  of t he  specimens on t h e  given stress ( r e f .  18). 

Although d a t a  on the  high-temperature s t rength  and many o the r  p rope r t i e s  
of a l loys  based on the  compounds Tigm and T i  Al have thus f a r  been i n s u f f i -  

c ien t ,  it i s  nevertheless  poss ib le  t o  assume t h a t  c e r t a i n  compositions of al-  
loys based on these  compounds make it poss ib le  t o  a t t a i n  working temperatures 
of 600-800°, i . e . ,  approximately those which correspond t o  t h e  temperatures of 
appl icat ion of s t a i n l e s s  a u s t e n i t i c  s t e e l s  and c e r t a i n  hea t - r e s i s t an t  n icke l  
a l loys .  It should be emphasized t h a t  the  s p e c i f i c  g rav i ty  of t i tanium a l loys  
based on the  compounds T i @  and T i  Al i s  almost one-half bf t h a t  of s t e e l  and 

nickel  a l loys .  However, it should be kept i n  mind t h a t  t he  p l a s t i c  p rope r t i e s  
of t i tanium a l loys  based on these compounds w i l l  be considerably lower than 
those of aus t en i t i c  s t e e l s  and nickel  a l loys .  

3 

3 

The l i t e r a t u r e  contains evidence on the  development of highly heat-  
r e s i s t a n t  t i tanium a l loys  whose base i s  t h e  compound T i A l  ( r e f .  l9), as we had 
a l so  pointed out  i n  our work ( r e f .  20). O f  spec ia l  s ign i f icance  i s  t h e  group 

5 

/ I F - -  -1 

7 m  7676'0 76767LV 

log  .c/hr 

Figure 3. 
on the  compounds T i @  and of a u s t e n i t i c  s t e e l s  a t  TOO0. 

Stress-rupture  s t rength  of t i tanium a l l o y  based 
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of alloys based on intermetallic compounds that are heat-resistant casting 
titanium alloys. Real prospects f o r  the development of new heat-resistant ti- 
tanium alloys are opening up thanks to studies of multicomponent systems. This 
was pointed out in connection with the development of heat-resistant titanium 
alloys based on a solid solutions of the system Ti-Al-Cr-Fe-Si-B (ref. 21). Of 
great interest in this respect are ternary, quaternary and more complex systems 
based on titanium. In these systems, one can distinguish alloy compositions 
corresponding to the region of solid solutions of a- and B-Ti, and to quasi- 
binary and quasi-ternary sections of intermetallic systems. 

Among promising heat-resistant alloys based on the a-structure one should 
also distinguish such important ternary systems as Ti-Al-Sn, Ti-Al-Zr, Ti-Al-Cu, 
Ti-Al-Mo and many others. 
ing may be considered important: Ti-Al-Sn-Zr, Ti-Al-Zr-Cu, Ti-Al-Zr-Cr, 

Among quaternary systems of this ser-ies, the follow- 

Ti-Al-V-Mo, etc. 1 

Let us examine the three-dimensional diagram of a part of the quaternary 
system Ti-IU-V-Mo (fig. 4). A wide region of a solid solutions which is adja- 
cent to the edge of the tetrahedron is visible in this figure. In addition, in 
the portion of the system under study, there is a region of quaternary B solid 
solutions which is of interest in a study of heat-resistant alloys based on the 
stable &structure. 

An example of titanium alloys with a wide region of the stable f3-structure 
is the ternary system Ti-Cr-Mo, studied in reference 22. One of the isotherms 
(at 600~) of the system (fig. 5) shows the principal phase regions in this 

45Mo 45V 

Figure 4. Three-dimensional diagram of a 
part of the quaternary system Ti-U1-Mo-V. 

'The system Ti-Al-V-Mo was studied in detail by Ye. N. F'ylayeva and KO Chih-ming 
(see this collection, pp. 26-29). 
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Cr 

Cr, w t  

90 BO 70 60 so 4n 3u zo io 

percent  

T i ,  w t  percent  
Figure 5. Isothermal s ec t ion  of t h e  
t e rna ry  system Ti-Cr-Mo a t  6 0 0 ~ .  

system, including the  wide region of p- ternary s o l i d  so lu t ions .  
and o the r  s i m i l a r  ones make it poss ib le  t o  develop new h e a t - r e s i s t a n t  t i tanium 
a l loys  based on t h e  stable p-s t ructure .  

This system 

Using t h e  d a t a  of Ye .  N. F'ylayeva and KO Chih-ming, w e  present  a 
"composition-high-temperature s t rength" diagram of t h e  a l loys  of t h e  quaternary 
system Ti-Al-Mo-V ( f i g .  6 ) .  
percent  Al and a va r i ab le  content of t h e  sum V + Mo = 1:l. 
shows curves charac te r iz ing  t h e  t i m e  necessary f o r  a bending de f l ec t ion  of 2, 5 
and 10 mm as a func t ion  of t h e  var iab le  content of t h e  sum V + Mo (from 0 t o  5 
percent ) .  The t e s t s  were car r ied  out  a t  700-800° and a t  a constant s t r e s s  of 

15 kg/mm2. The curves show t h a t  t h e  a l loys  of t h i s  system have maximum values 
of high-temperature s t r eng th  a t  700-800 i n  t h e  v i c i n i t y  of t h e  sa tu ra t ion  l i m i t  
of  t he  a s o l i d  so lu t ion .  

The a l loys  correspond t o  a r a d i a l  s ec t ion  with 20 
The same f i g u r e  

Considering the  p o s s i b i l i t i e s  of obtaining working temperatures of  600-800° 
f o r  ce r t a in  hea t - r e s i s t an t  t i tanium a l loys ,  one can compare t h e  r a t e s  of in-  
crease i n  the  temperature l e v e l  of t h e  high-temperature s t r eng th  of t i tanium al- 
loys  with those of n i cke l  a l loys .  The curves represent ing t h e  rise i n  t h e  t e m -  
pera ture  l e v e l  of high-temperature s t r eng th  wi th  t h e  years  f o r  t i tanium a l loys  
( f ig .  7, lower curve) and n icke l  alloys ( f ig .  7, upper curve) show t h a t  i n  
approximately t e n  years  (1952-1962) t h e  temperature l e v e l  of t h e  s t r eng th  of 
t i tanium a l loys  rose  from 200 t o  800°, i .e . ,  by 600°, while t h e  temperature 
l e v e l  of n icke l  a l loys  increased i n  t e n  years  (1949-1959) from TOO t o  950°, 
i .e . ,  by 250'. 

This i s  explained by t h e  f a c t  t h a t  i n  t i t an ium a l loys  the re  are unex- 
p lo i t ed  p o s s i b i l i t i e s  of hardening and r a i s i n g  t h e  temperature l e v e l  of t h e  
high-temperature s t rength .  Studies  i n  t h i s  d i r e c t i o n  were begun only 5-6 years  

8 



k 
.a 

1 2 3 4 5  
Mo + V, w t  percent 

Figure 6. 
700-8000 of a l loys  of t h e  system Ti-Al-Mo-V; sec t ion  wi th  20 
percent  Al a t  a var iab le  content V:Mo = 1:l. 

"Composition-high-temperature s t rength" diagram a t  

years 
Figure 7. 
of n icke l  (1) and t i tan ium (2) a l loys  i n  10 years.  

Rise i n  t h e  temperature l e v e l  of t h e  s t rength  

ago, whereas the  high-temperature s t rength  of n icke l  a l loys  has now been stud- 
ied  for over 15 years ,  and t h e  bas ic  f a c t o r s  a f f ec t ing  t h e i r  hardening have now 
been almost exhausted. The prospects  f o r  a f u r t h e r  increase i n  t h e  temperature 
l e v e l  of the  highltemperature s t r eng th  of t i tanium a l loys  have not y e t  been ex- 
hausted , and f u r t h e r  systematic. inves t iga t ions  w i l l  make it poss ib le  t o  r a i s e  
it s t i l l  fu r the r .  

Summary 

1. The a r t i c l e  has es tab l i shed  c e r t a i n  r e l a t ionsh ips  governing t h e  de- 
pendence of t h e  high-temperature s t r eng th  of t i tanium a l loys  on t h e  nature  of 
t h e  i n t e r a c t i o n  of t h e  components with t i tanium, types of equi l ibr ium diagrams 
of t h e  sys t ems ,  and s t r u c t u r e  of the  a l loys .  
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2. Experimentally obtained "composition-high-temperature s t rength"  dia-  
grams of c e r t a i n  simple and multicomponent t i t an ium systems w i l l  make it pos- 
s i b l e  t o  use these  r e l a t ionsh ips  f o r  t h e  development of new h e a t - r e s i s t a n t  
t i tanium a l loys  having optimum prope r t i e s .  

3. An important r o l e  i n  t h e  c rea t ion  of new h e a t - r e s i s t a n t  t i t an ium a l -  
l oys  i s  played by t h e  stable s t r u c t u r e s  of a and f3 s o l i d  so lu t ions  and a l s o  by 
me ta l l i c  compounds of t i t an ium and a l l o y s  based on these  compounds. 

4. Promising i n  t h i s  respec t  a r e  multicomponent a and p s o l i d  so lu t ions  
of systems based on t i t an ium and t h e  t i t an ium compounds T i &  and T i  Al, which 

a re  formed from a s o l i d  so lu t ions  of t h e  system Ti-Al. 

3 

5.  Alloys made from t h e  phases enumerated above can have working temper- 
a t u r e s  up t o  600-800°. 
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PHASE DIAGRAM OF THE SYSTEM Ti-02 UND SOME PROPEHTIES 

OF THE &OYS OF THIS SYSTEM 

I. I. Kornilov and V. V. Glazova 

The charac te r  of t h e  i n t e r a c t i o n  between t i t an ium and oxygen and t h e  equi- 
l ibr ium diagram of t h i s  system heretofore  have been based on t h e  concept of t h e  
exis tence of a wide region of a s o l i d  so lu t ions  of t i t an ium with oxygen and on 
the  exis tence of t h e  compounds TiO, Ti203 and Ti02 i n  t h i s  system ( f i g .  1). 

The va r i a t ion  i n  t h e  physicochemical, mechanical and o the r  p rope r t i e s  of 
t h e  a l loys  of t h e  system Ti-02 has been a l s o  represented u n t i l  now on t h e  basis 

of a wide region of i n t e r s t i t i a l - t y p e  a s o l i d  so lu t ions ,  up t o  32 a t p e r c e n t  
O2 (refs. 1-7). The l i t e r a t u r e  contains only l imi ted  d a t a  on de ta i l ed  s tud ie s  

of t h e  behavior of oxygen i n  t h e  region of a s o l i d  so lu t ions  and on t h e  i n f l u -  
ence of ce r t a in  poss ib l e  reac t ions  i n  t h e  a l l o y s  i n  t h e  s o l i d  state on t h e  
p rope r t i e s  of t i t an ium a l loys .  

I n  the  l a s t  few years ,  evidence has accumulated i n  some s t u d i e s  on the  
p o s s i b i l i t y  of t h e  formation of an ordered s t r u c t u r e  i n  the  region of t h e  Q: 

s o l i d  so lu t ion  of t i t an ium with oxygen. Inves t iga t ions  of a l loys  of t i tanium 
with oxygen by methods of x-ray s t r u c t u r a l  ana lys i s  (refs. 8 and 9) and by t h e  
e l e c t r i c a l  r e s i s t ance  method (ref. 10) revealed an anomalous va r i a t ion  i n  prop- 
ert ies when t h e  a l l o y  contained about 25 at  percent  02. 

t e q e r a t u r e s  up t o  400° (ref. 8).  Ye. S. Makarov (ref. 11) used t h e  x-ray 
method t o  reaf f i rm t h e  continuous nature  of t h e  va r i a t ion  i n  t h e  c r y s t a l  s t ruc -  
t u r e  of t h e  chemical compound of var iab le  composition of a-phase-type i n  t h e  
system Ti-02; i n  t h e  view of t h e  authors  of t h i s  a r t i c l e ,  t h i s  i s  associated 

with the  continuous r eac t ion  of addi t ion  T i  + x0 = TiOx + Q, where x can change 

continuously from zero t o  a value corresponding t o  the  boundary of phase inho- 
mogeneity. This pure ly  physical  i n t e r p r e t a t i o n  of t h e  behavior of oxygen i n  a 
s o l i d  so lu t ions  based on t i tanium has not accounted fo r  the  chemical r o l e  of 
t h i s  metalloid i n  t h e  formation of various types  of compounds i n  a medium of 
me ta l l i c  so l id  solut ions.  

It w a s  noted t h a t  t h e  ordered state of a l l o y s  of t h i s  system i s  stable a t  
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Figure 1. Equilibrium phase diagram of alloys of the 
system Ti-02 (according to the data of reference 5). 

1, one phase; 2, mixture of phases; 3, start of fusion; 
4, partial fusion; 5 ,  complete fusion. 

A n  analysis of the data on the interaction of metals of group IV of the 
periodic system with oxygen has enabled one of the authors (ref. 12) to postu- 
late a possible formation of the compound Ti 0 in this system. This is con- 

firmed in particular by a smooth maximum on the constitution diagram of the 
system Ti-02 corresponding to the region of 25 at.percent O2 (fig. 1). The 

expressed arguments concerning possible suboxide compounds of titanium with a 
metallic bond character follow from an analysis of the chemical properties of 
titanium and its tendency to form intermetallic compounds with electronegative 
elements (refs. 12 and 13) .  

3 

Considering the pronounced activity of oxygen atoms in interstitial solid 
solutions, one could assume the formation of similar compounds from the a solid 
solution in the system Ti-02 on slow cooling o r  prolonged exposure to low tem- 
perature conditions. 

Later, on the basis of the very incomplete investigations of Hurlin (ref. 
14) into the structure of the scale and investigations into the dependence of 
the electrical resistance of cast alloys on the composition carried out by 



Wasilewsky (ref. l5), hypotheses w e r e  a l s o  advanced concerning t h e  poss ib le  ex- 
i s t ence  of the  compounds Ti60 and Ti30. 

A l l  of t h e  above l eads  t o  t h e  conclusion t h a t  t h e  na ture  of t h e  chemical 
i n t e r a c t i o n  between t i t an ium and oxygen i s  far  from being as simple as would 
follow from t h e  phase diagram ( f i g .  1) given i n  Hansen's handbook ( r e f .  5 ) .  

Att r ibu t ing  a major t h e o r e t i c a l  and p r a c t i c a l  importance t o  t h e  problem 
of t h e  i n t e r a c t i o n  of t i t an ium with oxygen and t o  t h e  e luc ida t ion  of t h e  chem- 
i c a l  nature  of t he  a l loys  of t h i s  system, we  ca r r i ed  out  a de t a i l ed  study of 
t h e  system Ti-02 and t h e  range of concentrat ions from zero t o  35 a t . pe rcen t  02. 

The a l loys  w e r e  prepared by fus ion  i n  an a rc  furnace with a nonconsumable 
e lec t rode  i n  an argon atmosphere. 

The s t a r t i n g  materi.al for t he  prepara t ion  of t h e  a l loys  w a s  iodide ti- 
Mg (0.01 per- tanium (99.9 percent  T i )  wi th  the  following main impur i t ies :  

cen t ) ,  S i  (0.01 pe rcen t ) ,  Al (0.01 percent ) ,  Fe and N i  (< 0.01 pe rcen t ) ,  
C r  (0.01 percent ) ,  O2 (0.01 percent ) ,  and N2 (0.01 pe rcen t ) .  

Oxygen w a s  introduced i n t o  t h e  a l loys  i n  the  form of a Ti-02 master a l loy  

containing 15.8 w t  percent .  
pressed from t i tan ium and t i tanium dioxide of 99.93 percent  p u r i t y  i n  an a rc  
furnace. 

The master a l l o y  w a s  prepared by melting bars 

The above method w a s  used t o  prepare a l loys  containing 0, 1, 3,  5 ,  7 ,  e t c .  
a h p e r c e n t  oxygen up t o  35 at .percent .  

Alloys of 10 compositions were subjected t o  chemical ana lys i s  by using the  
vacuum fus ion  method. Resul ts  of t h e  ana lys i s  showed t h a t  t h e  oxygen content 
of t h e  i n i t i a l  mixture w a s  i n  good agreement with t h e  d a t a  of t he  chemical 
ana lys i s .  

The c a s t  a l loys  were subjected t o  homogenizing annealing i n  vacuum a t  
800° f o r  1000 hours. 

After  t h e  homogenizing annealing a t  800°, t h e  a l loys  were annealed a t  400, 
600, 800, 850, 1000 and 1400° f o r  600, 400, 1000, 100, 100 and 2 hrs ,  respec- 
t i ve ly ,  and quenched i n  i c e  water. 

I n  the  study of t h e  a l loys ,  use w a s  made of methods of physicochemical 
ana lys i s  developed by N. S. Kurnakov, which involved t h e  p l o t t i n g  of 
"composition-property" phase diagrams (refs. 16 and 1.7). 

Such methods included microscopic and x-ray s t r u c t u r a l  analyses,  measure- 
ment of microhardness, e l e c t r i c a l  res i s tance ,  and temf. 

The microhardness w a s  measured with a PMT-3 instrument under a load of 
200 g using t h e  method described i n  reference 18. 
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The etchant  used t o  develop t h e  microstructure of t h e  a l loys  w a s  a mixture 
made up of 20 p t s .  HF, 20 p t s .  HN03, and 60 p t s .  g lycer in  (by volume). 

The e l e c t r i c a l  res i s tance  of the  a l loys  w a s  measured by the  probe method, 
s ince  a l loys  containing more than 10 at .percent  O2 were b r i t t l e  and could not 

be subjected t o  any kind of machining. 

Specimens f o r  t h e  measurement of t h e  e l e c t r i c a l  res i s tance  w e r e  made by 
cas t ing  the  a l loys  i n  ingots  6 mm i n  diameter. 
measured on specimens 25-30 mm high. 

The e l e c t r i c a l  res i s tance  w a s  

The temf w a s  measured on specimens on which the  e l e c t r i c a l  res i s tance  had 
been s tudied e a r l i e r ,  i n  contact  with copper. 

The x-ray s t r u c t u r a l  ana lys i s  w a s  performed on powders prepared from Sam- 
p l e s  f o r  microscopic inves t iga t ion  and heat- t reated a t  400, 600, 800 and 1000°. 
The x-ray pa t t e rns  were recorded with copper r ad ia t ion  and a n icke l  f i l t e r ,  
using two f i l m s .  Studies  of a l loys  of t h e  Ti-02 system by the  above methods 

gave the  following r e s u l t s .  

Microstructural  ana lys i s  of a l loys  quenched a f t e r  prolonged annealing a t  
400' showed t h a t  a l loys  containing l e s s  than 10  and more than 22 a t .percent  O2 

consis ted of a s ing le  phase. A second phase appeared i n  the  s t ruc tu re  of al- 
loys  with 10,  11, 1 2  and 13 a t .percent  02 and a l s o  i n  t h a t  of a l loys  wi th  16-21 

at .percent  02. Alloys with 1 4  and 15 a t e p e r c e n t  had a s ingle  phase. 

The s t ruc tu re  of a l loys  quenched from 6000 vas approximately the  same as 
t h a t  of a l loys  quenched from 400°. 

The a l loy  with 5 at .percent  O2 has a polyhedral s t ruc tu re  ( f i g .  2a) ,  and 

the  a l loys  with 10  and 16 a t .percent  02, a two-phase s t ruc tu re  ( f ig .  2b and e ) .  

The a l l o y  with 25 a t .pe rcen t  O2 i s  character ized by the  presence of s l i p  l i n e s  

i n  the s t ruc tu re  ( f i g .  2d) .  The same struc-kure w a s  observed i n  a l loys  with a 
higher oxygen content ,  up t o  30 a t .percent  ( f ig .  2e) .  The microstructure of 
t he  a l loy  with 35 percent  oxygen %s shown i n  f igu re  2f .  

Microscopic ana lys i s  of a l loys  quenched from 8000 showed t h a t  those with 
13, 1 4  and 16 a t  percent  O2 were two-phase a l loys ,  and t h a t  t h e  s t r u c t u r e  of 

t he  remaining ones w a s  polyhedral.  It should be noted t h a t  all specimens of 
a l loys  containing more than 10 a t . pe rcen t  O2 were covered with cracks and 

pores whose quant i ty  increased with r i s i n g  oxygen content.  



Figure 2. Microstructures of a l loys  of t h e  system Ti-02 with the  

following content:  a, 5 percent 02, quenching after annealing a t  

600°, x 500; b, 10 percent 02, quenching after annealing at 600°, 

x 500; e, 16 percent  02, quenching after annealing a t  6000, x 500; 

d, 25 percent  02, quenching a f t e r  annealing a t  600°, x 200; e, 30 

percent  02, quenching after annealing a t  800°, x 200; f ,  33 per- 

cent  02, c a s t  state, x 200. 
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Alloys quenched from 850' had a polyhedral s t ruc tu re ,  wi th  t h e  exception 
of t h e  a l l o y  with 25 a t .percent  02, which retained the  s l i p  l i n e s  a t  all quench- 

ing  temperatures. 

I n  t h e  ana lys i s  of t h e  microhardness of a l loys  of t h e  Ti-02 system 

quenched from 400 and 6000, t h e  "microhardness-composition" curves displayed 
two s ingular  minima corresponding t o  compositions with 14.5 and 25 at .percent  
o2 ( f i g .  3a). 

percent  02y and a marked minimum a t  25 at. percent 02. 
The isotherm a t  800° has a not iceable  i n f l e c t i o n  on the  curve a t  14.5 at. 

Isotherms a t  1000 and 1400° of t h e  "microhardness-composition" curves dis-  
p lay  s ingular  minima f o r  t h e  composition wi th  25 percent  02. 

It should be emphasized t h a t  one group of a l loys  i n  t h e  c a s t  state ex- 
h ib i t ed  a microhardness maximum i n  the  a l loy  with 23 a t .percent  02, which f o l -  

lowing hea t  treatment a t  800' changed i n t o  a minimum. 

Figure 3b shows t h e  dependence of t he  e l e c t r i c a l  res i s tance  on t h e  compo- 
s i t i o n  of a l loys  quenched after holding a t  800, 1000 and 1400°. 

On quenching from 800°, t he  e l e c t r i c a l  res i s tance  r i s e s  abrupt ly  from 43.8 
mohm/cm f o r  pure t i tanium t o  158 mohm/cm for t h e  a l l o y  with 10  a t .percent  02. 

I n  the  a l loy  with 15 a t .pe rcen t  02, t he  e l e c t r i c a l  res i s tance  rises sharply,  

reaching 466 mohm/cm; t h i s  i s  followed by a r i s e  t o  500 mohm/cm f o r  t he  a l loy  
with 22 a t . pe rcen t  02, then by a sharp dec l ine  i n  e l e c t r i c a l  res i s tance .  

The a l l o y  with 25 at .pescent  O2 has a res i s tance  of 150 mohm/cm. 

oxygen content increases ,  t he  e l e c t r i c a l  r e s i s t ance  rises t o  639 mohm/cm. 

A s  the  

An ana lys i s  of t h e  curve represent ing the  e l e c t r i c a l  r e s i s t ance  of a l loys  
quenched from 1000 and 1400° versus composition shows the  presence of a singu- 
l a r  minimum a t  25 a t .percent  02. 

a t .pe rcen t  02y t h e  c a s t  specimens d isp lay  a maximum which a f t e r  a prolonged an- 

nealing of t he  specimens changes i n t o  a minimum. 

It should be noted t h a t  i n  many cases  a t  25 

Let us examine t h e  dependence of t h e  temf of a l loys  of t h e  Ti-02 system 

on the  oxygen content,  i n  a couple with copper a f t e r  quenching from 800, 1000 
and 1kOO0 ( f i g .  3c) 

mV/deg) t o  a composition wi th  14  a t , pe rcen t  O2 (-78 mV/deg). 
On quenching from 800°, t h e  temf decreases sharply from pure t i tanium (30 

It should be 

.. .. --. 111 I II I I I I. I I I 111111111 1111111111111111  1 1 1 1 1 1 1 . 1 1 1  



noted t h a t  a t  a content of fs a t .percent  02, t he  temf changes s ign,  i nd ica t ing  

a change i n  t h e  type of conduction from hole  t o  e l ec t ron  conduction. 
l o y  with 23 percent  0 t h e  value of temf i s  a t  a minimum. 

2’ 
I n  t h e  al- 

On t h e  isotherms a t  1000 and 1400°, a s ingu la r  minimum i s  preserved only 
i n  the  composition with 25 a t .pe rcen t  02. 

6 12 1J 24 3J 36 
02, w t  percent 

Figure 3. Dependence of the  microhardness (a ) ,  e l e c t r i c a l  
res i s tance  ( b )  and temf ( c )  on t h e  composition of a l loys  of 
t he  system Ti-02 a f t e r  quenching from various temperatures. 
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Preliminary da t a  of x-ray s t r u c t u r a l  ana lys i s  show t h a t  t he  a l l o y  wi th  25 
a t .pe rcen t  O2 a t  temperatures up t o  1400° has one supers t ruc ture  l i n e ,  while no 

supers t ruc ture  l i n e s  havethus f a r b e e n  observed i n  t h e  a l l o y  with 14.5 a t . pe r -  
cent  O2 under these  condi t ions of hea t  treatment.  

Thus, based on t h e  r e s u l t s  of micros t ruc tura l  ana lys i s  and on t h e  
"composition-property" diagrams i n  the  concentrat ion range studied,one can as- 
sume t h a t  i n  t h e  Ti-02 system t h e r e  a r e  two new compounds: Ti60 and T i  0. 3 

The na ture  of t h e  "composition-property" chemical diagrams a t  800° and 
a l so  da t a  of t h e  microscopic ana lys i s  lead  t o  t h e  conclusion t h a t  the  compound 
Ti60 i s  stable up t o  820-830~.  

The compound T i  0 with an ordered s t r u c t u r e  i s  apparent ly  s t a b l e  above 3 
1400°, s ince  t h e  s ingu la r  charac te r  of t h e  "composition-property" diagrams a t  
t h i s  temperature remains unchanged. 

A study of t he  s t a t e  of t h i s  compound a t  higher  temperatures up t o  the  
melting po in t  (1900~) r equ i r e s  a spec ia l  inves t iga t ion .  

The r e s u l t s  of t he  present  study have produced a new equi l ibr ium phase 
diagram of t h e  a l l o y s  of t h e  Ti-02 system for compositions containing l e s s  than 

35 a t . pe rcen t  02. It fol lows from t h i s  diagram t h a t  the  compounds Ti60 and 

and T i  0 a re  formed i n  the  Ti-02 system. 3 
The s i m i l a r i t y  between t i t an ium and zirconium and the  nature  of t h e i r  in -  

t e r a c t i o n  with oxygen leads  t o  the  assumption t h a t  the  compound Z r 6 O  and Zr30 

may e x i s t  i n  t he  system Z r - 0 2 .  

The new compounds Ti60 and T i  0 es tab l i shed  i n  the  present  work, and the  

regions of t h e i r  exis tence on the  phase diagram of the  Ti-O2 system a r e  of 

major importance i n  t h e  metal  chemistry and phys ica l  metallurgy of t i t an ium 
a l loys .  These new compounds should serve as a b a s i s  f o r  t h e  study of equ i l ib -  
r i a  i n  complex t i tanium systems wi th  oxygen, and f o r  t he  e luc ida t ion  o f  t he  
inf luence of oxygen on t h e  physicochemical and mechanical p rope r t i e s  of t i t a -  
nium and i t s  a l l o y s  ( r e f .  19). 

3 

I n  the  l i g h t  of what w a s  s t a t e d  above, it appears very i n t e r e s t i n g  t o  
s tudy t h e  inf luence of oxygen on t h e  c h a r a c t e r i s t i c s  of t he  s t a b i l i t y  of t he  
chemical bond, s ince  it i s  these  c h a r a c t e r i s t i c s  which, i n  the  f i n a l  ana lys i s ,  
determine t h e  degree of s t a b i l i t y  of t he  a l loys  i n  appl ica t ions  a t  high 
temperatures. 
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02, at .  percent  

Figure 4. 
Ti-02 (based on t h e  da t a  of t h e  p re sen t  work). 

Phase diagram of a l l o y s  of t he  system 

0 ,  s t r u c t u r e  of t he  a s o l i d  s o l u t i o n ; o ,  a + y 
p h a s e ; p ,  a + 6 phase. 

The pe r t inen t  d a t a  f o r  t he  Ti-0 system which a r e  ava i lab le  i n  t h e  l i t e r a -  
2 

t u r e  are scarce and p e r t a i n  t o  a concentrat ion range of not more than 20 a t .  
percent  02. 

To solve t h i s  problem, we undertook de ta i l ed  inves t iga t ions  of t he  thermal 
expansion of the  a l loys  of t he  Ti-02 system i n  t h e  concentrat ion range from 

zero t o  32 a t .percent  O2 a t  temperatures up t o  800~. 

an ind ica to r  d i la tometer  ( r e f .  2 0 ) ,  using specimens quenched from 800° a f t e r  
soaking f o r  1000 h r s .  

This s tudy was made with 

The heat ing w a s  ca r r i ed  out  a t  the  rate of 4 deg/min. 
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I n  order  t o  compare t h e  Ti-02 system with t h e  equilibrium phase diagram 

( f i g .  5a) ,  we show t h e  dependence of t h e  r a t i o  A 1/1 on t h e  composition of t h e  
a l l o y  a t  100, 200, 300, 400, 500, 600, TOO and 800° ( f i g .  5b) .  

It follows from t h i s  f i gu re  t h a t  a l l  t he  isotherms a r e  q u a l i t a t i v e l y  s i m i -  
l a r  i n  character .  
expansion a t  every given temperature shows a c e r t a i n  decrease. 
s l i g h t  minimum corresponds t o  the  composition Ti6O. 

content causes an increase  i n  thermal expansion up t o  23 a t .percent  0 2’ and 

t h i s  i s  followed by a prec ip i tous  decl ine.  
sponds t o  the  composition T i  0. 

A t  first,  when t i tanium i s  alloyed with oxygen, t he  thermal 
A r e l a t i v e l y  

A f u r t h e r  rise i n  oxygen 

A marked s ingular  minimum corre-  

3 

-, - 
5 IO 73 zu 25 3ff .?5 

02, a t .  percent  

Figure 5. Comparison wi th  the  equi l ibr ium phase 
diagram (a) of t h e  dependence of t h e  thermal ex- 
pansion (b)  and i t s  coe f f i c i en t  ( c )  on the  com- 
pos i t i on  of a l l o y s  of t he  system Ti-02. 
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.> . 
From these  data,?.valuas of t h e  c o e f f i c i e n t  o f  thermal expansion a as a 

function of t h e  composition f o r  t h e  temperature range of 20-100° w e r e  calculated 
( f ig .  5c) .  
q u a l i t a t i v e l y  similar i n  character  t o  t h e  dependence of A 1/1 on t h e  composition 
( f i g .  5b). 

It follows from t h i s  f i g u r e  t h a t  t h e  concentration dependence a i s  

The d a t a  obtained on t h e  thermal expansion o f  a l l o y s  o f  t h e  Ti-02 system 

over a wide concentration range lead to t h e  conclusion t h a t  when t i tanium is 
alloyed with oxygen, t h e  s t a b i l i t y  of t h e  chemical bond i n  t h e  a l l o y s  increases  
up t o  14.5 a t . pe rcen t  02. 

t h i s  c h a r a c t e r i s t i c  i s  dis t inguished by t h e  presence of  s p e c i f i c  po in t s  corre- 
sponding t o  t h e  compounds Ti60 and T i  0. 

The cha rac t e r  of t h e  concentration dependence of 

3 
It should be noted t h a t  t h e  compound T i  0 i s  p a r t i c u l a r l y  character ized by 3 

sharp s ingu la r  extrema of t h e  "composition-property" curves; t h i s  f e a t u r e  sets 
i t  apa r t  as a chemical species  whose interatomic bonds i n  t h e  c r y s t a l  l a t t i c e  
are very strong. 

I n  connection wi th  t h e  invest igated novel cha rac t e r  of t he  chemical i n t e r -  
ac t ion  and phase equilibrium i n  the  Ti-02 system, t h e  study of t h e  inf luence o f  

oxygen on t h e  creep of t i tanium a t  various temperatures appeared of g r e a t  i n -  
t e r e s t .  I n  con t r a s t  t o  t h e  s tud ie s  of o t h e r  authors (refs. 1-4) ,  t h i s  property 
w a s  studied over a wide range of oxygen concentrations (up t o  18 a t .pe rcen t ) .  

To t h i s  end, a l l o y s  were prepared containing 0.02, 0.39, 0.75, 1.25, 1.66, 
Alloys containing more than 4 a t . pe rcen t  3, 4, 8, 10, 15 and 18 a t .pe rcen t  02. 

O2 were prepared by t h e  powder method a t  a s i n t e r i n g  temperature of 1500°. 

Alloys of a l l  compositions were annealed a t  800' f o r  200 h r  and were slowly 
cooled from t h i s  temperature. 

T e s t s  f o r  hot hardness w e r e  made with a VIM-1 u n i t  a t  pressures  of 10-3- 

mm Hg. The hardness w a s  determined by indenting t h e  specimen with a d ia -  
mond pyramid having a l e a p  angle of 136'. 
The durat ion of  deformation a t  each temperature w a s  0.5, 5 and 50 min. The 
measurements were made a t  300, 400, 500, 600 and TOO0 ( table  1). 

The load on the  inden te r  w a s  l kg. 

The r e s u l t s  of t h e  measurements were t r e a t e d  g raph ica l ly  by p l o t t i n g  t h e  
diagonal of t h e  indentat ion versus log  time f o r  various temperatures. It w a s  
thus establ ished t h a t  t h e  time dependence of t he  s i z e  of t he  diagonal of t he  
indentat ion a t  each temperature i s  described f a i r l y  r igorously by t h e  equation 

d = a T ,  b 
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where a and b are parameters dependent on t h e  nature  of t he  a l loy ,  t h e  t e s t i n g  
temperature and t h e  load on t h e  indenter ;  T i s  t h e  t e s t i n g  t i m e .  

Parameters a and b w e r e  determined ( t a b l e  2) from t h e  working graphs f o r  
t h e  dependence of t h e  logarithm of t h e  holding t i m e  under load. 

On t h e  b a s i s  of t hese  d a t a  and from t h e  equation 

proposed i n  references 22 and 23, a ca l cu la t ion  w a s  made of t h e  rate of creep 
a t  t h e  i n s t a n t  when a given value of t h e  indentat ion diameter w a s  reached. 

I n  references 21 and 22 it w a s  shown t h a t  the  concentration dependence of 
t h e  log  of t h e  ra te  of creep f o r  a series of a l loys  w a s  i n  q u a l i t a t i v e  agree- 
ment with t h e  concentration dependence of t h e  r a t e  of creep obtained during 
extension. 

Values of l og  Vd of a l l o y s  of t h e  Ti-02 system f o r  d = 0.12 mm ( a t  300, 

400 and 500°) and d = 0.18 mm ( a t  600 and 700°), calculated from equation (2 )  
are shown i n  T a b l e  2. 

W e  s h a l l  compare t h e  concentration dependence of t h e  log  of t h e  rate of 
creep, l og  Vd ( f i g s .  6b and e ) ,  wi th  the  equilibrium phase diagram of t h e  sys- 

t e m  Ti-02 ( f i g .  6a). 

The concentration dependences of log  V shown on t h e  { r a p h  give a c l e a r  
d 

representat ion of t h e  behavior of t h e  a l l o y s  of t h e  Ti-0, system a t  high tem- 

pe ra tu res  under load. It should be noted t h a t  i n  an ana lys i s  of these r e s u l t s ,  
t he  highest  s t a b i l i t y  of t h e  a l l o y s  under load corresponds t o  t h e  lowest nega- 
t i v e  values of log  Vd. 

- 

A t  300°, t h e  isotherm of log Vd i s  characterized by an appreciable drop i n  

t h e  concentration range from zero t o  2 a t . p e r c e n t ,  where oxygen has p r a c t i c a l l y  
no influence on the  change i n  l o g  VdJ and hence, on t h e  s t a b i l i t y  of t h e  a l l o y s  

under load. 

A f u r t h e r  increase i n  oxygen content causes a sharp drop on t h e  curve 
representing t h e  concentration dependence of l og  Vd; t h i s  corresponds t o  an 

increase i n  t h e  s t a b i l i t y  of t h e  a l l o y s  under load, and l o g  Vd becomes 4 times 

smaller than i n  pure t i tanium. A comparison of t h i s  curve wi th  t h e  equilibrium 
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TABLE: 1. 
ALLOYS OF THE SYSTEM Ti-02 AT VARIOUS TEMPERATURFS AlID TESTING TIMES OF 0.5, 5 AND 50 MIN.  

VALUES OF THE DIAGONAL OF TEE INDENTATION ( I N  mm) OF TEE DIAMOND PYRAMID FOR 

0,164 
0,111 
0,101 
0,097 
0,099 
0,08 
0,0815 
0,063 
0,0605 
0,057 - 

0,173 
0,128 
0,107 
0,099 

0,087 
0,0915 
0,064 
0,063 
0,059 

0,102 

- 

500° 

b I k V d  a 

f 4,024 
-k 3,4 - 0,25 - 1,13 - 2,03 
- 1,9 - 2,O - 1,1 
-10,41 

0,205 
0,1712 
0,IWiS 
0,1371 
0,1340 
0,1321 
0,0645 
0,085 
0,0785 

300" 600° 4000 ____ 
5 min 

0,194 
0,151 
0,121 
0,120 
0,112 
0,099 
0,109 
0,072 
0,071 
0,0625 
0,0645 

-- 

700° 

5 m i r  

500" ~- 

0.5 m i ,  

0,190 

0,111 
0,111 

0,092 
0,09s 

0,145 

0,103 

0,070 
0,0675 
0,0615 
0,060 

-- 

50 min 

0,10s 
0,154 
0,132 
0,128 
0,126 
0,107 
0,113 
0,077 
0,072 
0,063 
0,0715 

02 conten' 
a t  percen< 

0,02 
0,39 
0,75 
1,21 
1,66 
3 
4 
8 

10 
15 
18 

I 

1.5minI 5 min 50 min 

0,153 
0,134 
0,112 
0 ,  l o a  
0,106 
0,095 
0,099 
0,071 
O,OG4 
0,061 

---- 

- 

D.5 m i r  50 m i r  1.5 mrir 5 min 1.5 min 50 min jo mir 5 min 

0,19s 
0,166 
0,144 
0,142 
0,125 
0,121 
0,113 
0,oso 
0,076 
0,0705 
0,078 

0,192 
0,156 
0,132 
0,135 
0,116 
0,112 
0,113 
0,077 
0,0735 
0,062 
0,0715 

0,283 
0,175 
0,15S 
0,149 
0,132 
0,132 
0,114 
0,0845 
0,079 
0,0795 
0,0905 

0,236 
0,177 
0,159 
0,13 
0,130 
0,128 
0,114 
0,054 
0,079 
0,084 
0 ,  os4 

0,238 
0,182 
0,16G 
0,153 
0,145 
0,142 
0,130 
0,088 
0, os2 
0,086 
0,093 

0,242 
0,190 
0,199 
0,170 
0,157 
0,159 
0,160 
0,112 
0,105 
0,094 
0,107 

0,229 
0,194 
0,174 
0,186 
0,162 
0,109 
0,153 
0,112 
0,120 
0,099 
0,100 

0,29S 
0,217 
0.209 

0.393 

Oil04 1 Oil38 

TABLE 2. VALUES OF THE PARAMETERS a, b UNI) LOG V AT VARIOUS T E M P W W S .  
d 

I 300° 400° 600" 700" 

I b  02 content( 
a t - p e r c e n t  - a l b  k Vd 

+4,25 
+1 788 

-2,26 

-4,15 
-3,46 
-3,30 
-14,2 
-16,7 
-8,9 

-1 ,9G 

-3,19 

k vd 

\ 

t0724 
-0,2t 
-0,72 
-1,22 
-1,65 

-1,93 
-1 , 60 

-2,05 
-2,18 
-3,66 
-4,59 

k v d  

+4,21 
-1,323 
-4,41 
-5,86 
-10,7 
-6,31 
-6,53 
-6,2 
-21 ,I 
-21,3 - 

b 

0,045 
0,025 
0,05 
0,055 
0,045 
0,055 
0,07 
0,075 
0,065 
0,055 
0,OG 

b 

0,12 
0,055 
0,07 
0,09 
0,065 
0,09 
0,075 
0,075 
0,12 
0,095 
0,07 

U 

0,1979 
0,1607 
0,1349 
0,1247 
0,1172 
0,1154 
0,098 
0,078 
0,0738 
0,065 
0,0735 

a 

0,2483 
0,2016 
0,1830 
0,19i7 
0,1698 
0,1803 
0,1607 
0,113 
0,1306 
0 , 1002 
0,1059 

I 

-0,106 

-2,16 

-445 
- $ , I 1  
-4,73 
-4,5 
-6,89 
-8,O 
-6,73 

-0.80 

-3,62 

0,02 
0,39 
0,75 
1,21 
1,66 

890 
10,o 
15,O 
18.0 

3,o 
4,o 

10,1677 
0,1219 
0,103,l 
0,0902 

~ 0,0975 
0,0824 
0,0851 
0,0631 
0,0614 
0,0577 

I 

- 

0,04 
0,025 
0,045 
0,045 
0,035 
0,04 
0,04 
0,04 
0,025 
0,05 
0,05 

0,1788 
0,1461 
0,1141 
0.1135 

0,03 
0,025 

0.035 
0,04 

0,025 
0,025 
0,025 
0,03 
0,02 
0,035 
0,03 
0,035 
0,015 
0,015 - 

Oil072 
0,0933 
0,1005 
0,071 
0,068 
0,061 
0,0614 

0;03 
0,04 
0,035 
0,035 
0,02 
0,02 
0,04 

Note Commas represent decimal points  i n  tables .  



Y 

3 6 9 72 15 18 
02, a t .  percent  

Figure 6. 
diagram with t h e  dependence of t h e  creep rate on 
t h e  composition of t h e  a l l o y s  of t h e  system Ti-02. 

Comparison of t h e  equilibrium phase 

phase diagram of t h e  Ti-02 system shows t h a t  a sharp increase i n  t h e  r e s i s t ance  

t o  p l a s t i c  deformation, according t o  t h e  physicochemical theory o f  high- 
temperature s t r eng th  ( r e f .  2 3 ) ,  is  associated wi th  a s h i f t  t o  t h e  two-phase 
region (a + y ) ,  i n  which t h e  second ( y )  phase i s  a s o l i d  so lu t ion  based on the  
compound Ti60 and belonging t o  t h e  c l a s s  of Kurnakov's compounds. 

The isotherms of log  Vd a t  400, 500 and 6000 are completely s i m i l a r  i n  

character ,  and i n  the  concentration range of 2-8 at .percent  0 

observed a tendency toward an increase i n  log  V o r  a decrease i n  t h e  resist- 

ance t o  t h e  p l a s t i c  deformation of t h e  a l l o y s  a t  these temperatures. 

t h e r e  i s  even 
2 

d 

The isotherm of l o g  Vd a t  7000 f o r  t he  a l l o y  with 10 at .percent.  (3.58 w t  

percent)  O2 does not show any increase i n  t h e  se s i s t ance  t o  p l a s t i c  deformation, 



as i n  t h e  case of o t h e r  temperatures, and t h i s  again corresponds t o  t h e  estab- 
l i s h e d  phase.diagram of t h e  Ti-02 system, s ince  a t  700° t h e  a l l o y  wi th  10  at. 

percent  O2 remains a single-phase a l loy .  

Thus, a complete c o r r e l a t i o n  i s  observed between t h e  nature  of t h e  chemi- 
c a l  i n t e r a c t i o n  i n  t h e  Ti-02 system, t h e  type of  "composition-creep" diagram 

a t  various temperatures, and t h e  cha rac t e r  of t h e  atomic i n t e r a c t i o n  i n  t h i s  
system. 

Summary 

1. Methods of mic ros t ruc tu ra l  and x-ray s t r u c t u r a l  ana lys i s  as w e l l  as 
measurements of microhardness, e l e c t r i c a l  r e s i s t ance ,  and temf were used t o  
study t h e  a l l o y s  of t h e  Ti-O2 system quenched a f t e r  annealing a t  var ious t e m -  

pe ra tu re s  i n  t h e  concentration range of zero t o  35 at .percent  02. 

2. Results of t hese  inves t iga t ions  and the  "composition-property" d ia -  
grams obtained made it poss ib l e  t o  e s t a b l i s h  t h e  exis tence of t h e  new compounds 
Ti60 and T i  0. 3 

3. The concentration and temperature l i m i t s  of t h e  exis tence of t hese  
compounds were determined, and a new equilibrium diagram of t h e  Ti-02 system 

was proposed. 

T i  0 i s  thought t o  be s t a b l e  above 1400°. 

should be character ized by a maximum degree of order ing of oxygen atoms i n  t h e  
l a t t i c e  of t h e  a s o l i d  so lu t ion .  

The compound Ti60 i s  s t a b l e  up t o  820-830°, while t h e  compound 

The compositions of t h e  compounds 3 

4. The thermal expansion of  t h e  a l l o y s  of t h e  Ti-02 system w a s  s tudied 

over a wide temperature and concentration range. On t h e  basis  of t he  d a t a  ob- 
ta ined ,  t h e  dependence of t h e  c o e f f i c i e n t  of thermal expansion on t h e  composi- 
t i o n  of t h e  a l l o y s  of t h e  Ti-O2 system w a s  e s t ab l i shed .  

cen t r a t ion  dependence of t h i s  property l e d  t o  the conclusion t h a t  t h e  s t a b i l i t y  
of t h e  chemical bond between t h e  atoms of t i t an ium and oxygen increases  i n  t h e  
c r y s t a l  l a t t i c e  of a l l o y s  and compounds T i  0 and T i  0. 

Analysis of t h e  con- 

6 3 
5 .  The hot hardness of t h e  a l l o y s  of t he  Ti-02 system were s tudied i n  t h e  

concentration range of zero t o  18 at .percent  and i n  t h e  temperature range of 
300-700° f o r  various holding t i m e s  under load a t  each temperature. From the  
da t a  obtained, t h e  rates of p l a s t i c  flow of t h e  a l l o y s  of t h i s  system a t  t h e  
i n s t a n t  when a given value of t he  indentat ion s i z e  w a s  reached were calculated.  
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6. The general  nature  of t h e  influence of oxygen on t h e  behavior of t i t a -  
nium under load a t  various temperatures w a s  es tabl ished,  and a co r re l a t ion  be- 
tween t h i s  dependence and t h e  new equilibrium phase diagram of t h e  Ti-02 system 

w a s  noted. 

F ina l ly ,  t h e  authors express t h e i r  thanks t o  T. F. Zhuchkova, who w a s  of 
g r e a t  ass i s tance  i n  the  execution of t h i s  work. 
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I 

EQUILIBRIUM DIAGRAM OF TBE QUATEHNARY SYSW Ti-Al-Mo-V 

E. N. Pylayeva and KO Chih-ming 

The study of t h e  phase equilibrium of a l loys  of t h e  quaternary system 
Ti-Al-Mo-V adjacent t o  ' the t i t an ium vertex of t h e  te t rahedron ( f i g .  1) i s  of 
t h e o r e t i c a l  and p r a c t i c a l  importance, s ince  t h i s  system can be used as t h e  
bas ic  multicomponent system f o r  t h e  development of new high-strength and heat-  
r e s i s t a n t  a l loys  of low densi ty .  

I n  i t s  chemical proper t ies ,  aluminum d i f f e r s  s u b s t a n t i a l l y  from t i tanium 
and forms l imi ted  so l id  so lu t ions  and a s e r i e s  of meta l l ic  compounds wi th  i t s  
a and B modifications (refs. 1-3). 

Vanadium and molybdenum a re  located i n  the  f i f t h  and s i x t h  groups of t he  
per iodic  system, close t h e  t i t an ium group,and a re  c lose t o  the  l a t t e r  i n  atomic 
r a d i i ,  e l ec t ronega t iv i ty  and o the r  proper t ies .  They a re  capable of forming 
continuous binary and t e rna ry  s o l i d  so lu t ions  with & T i  and l imi ted  so l id  solu-  
t i o n s  with a - T i  (refs. 1 and 4).  Vanadium and molybdenum a re  important a l loy-  
ing elements f o r  high-strength t i tanium a l loys  having a f3 s t ruc tu re .  

The pos i t i on  of vanadium and molybdenum i n  t h e  per iodic  system i n  r e l a t i o n  
t o  t i tanium and t h e i r  similar chemical p rope r t i e s  a l s o  account f o r  t h e i r  s i m i l a r  
behavior i n  t i tanium a l loys .  Thus, f o r  example, t he  binary systems Ti-Mo and 
Ti -V  have t h e  same type of phase diagram ( r e f .  1). 

I n  t h e  t e rna ry  system Ti-Mo-V, the re  i s  observed a continuous s h i f t  of t h e  
a and p so l id  so lu t ions  and of t h e  two-phase a + f3 region from the  system Ti-Mo 
t o  the  system Ti-V. This i s  c l e a r l y  indicated by t h e  isothermal s ec t ion  of t h e  
t e rna ry  system Ti-Mo-V a t  600° ( f i g .  2 ) .  

The phase regions a,  a + f3 and 8 s h i f t  from t h e  s ide  of Ti-Mo toward t h a t  
of Ti-V, t he  region of t h e  a s o l i d  so lu t ion  expanding continuously from t h e  
s ide  of Ti-Mo (up t o  0.8 percent  Mo) t o  t h e  s ide  of Ti-V (2 percent  V )  . 
boundary between t h e  a + p and f3 region passes  through t h e  p o i n t s  of 28 percent  
Mo i n  t h e  Ti-Mo system, 31 percent  (Mo + V )  i n  t h e  T i -  (Mo:V = 1:1) system, and 
22 percent  V i n  t h e  T i -V  system. 

The 

The sTmilar i ty  i n  t h e  chemical p rope r t i e s  of molybdenum and vanadium i n  re-  
l a t i o n  t o  t i tanium explains  t h e  p o s s i b i l i t y  of formation of s imilar  phase 
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diagrams not only in the binary systems Ti-Mo and Ti-V but also in ternary sys- 
tems in the portion rich in titanium, for example, in the systems Ti-Al-Mo and 
Ti-Al-V (refs. 5 and 6). 

In order to study the phase equilibrium in the quaternary system Ti-Al- 
Mo-V, we investigated the ternary system Ti-Al-Mo and the system Ti-Al- (Mo:V = 
l:l), which is the section of the concentration tetrahedron of the quaternary 
system originating at the edge of the binary system Ti-Al with a constant ratio 
of the weight concentration Mo:V = 1:l. The position of these two systems in 
the tetrahedron is shown in figure 1 and their investigated portions are shaded. 

Ma 

Figure 1. Concentration tetrahedron of the 
quaternary system Ti-AL-Mo-V. 

v, wt rc e 

V 

wt percent 

Figure 2. Isothermal section of the 
ternary system Ti-Mo-V at 6000. 



Let us examine (figs. 3 and 4) the isothermal sections at 600° of the sys- 
tems Ti-Al-Mo and Ti-Al-(Mo:V = 1:l). A comparison of the isothermal sections 
of these systems at 6000 with the system Ti-m-V (ref. 6) leads to the conclu- 
sion that in these three systems in the portion rich in titanium, the same phase 
regions are in equilibrium, namely: 

a. Solid solutions based on a-Ti with a hexagonal close-packed structure-; 

b. Solid solutions based on &Ti with a cubic body-centered structure; 

e. Limited y so l id  solutions based on the compound TiAl with an ordered 
face-centered tetragonal structure; 

Mo, wt 

T i  

A l ,  wt percent 

Figure 3. Isothermal section of a part of the 
ternary system Ti-Al-Mo at 6 0 0 ~ .  

Ti 

a, wt percent 

50 

Figure 4. 
system Ti-Al-(Mo:V = 1:l) a* 6 0 0 ~ .  

Isothermal section.of a part of the 



d. Two-phase a + p, a + y, and p + y regions; 

e. Three-phase a + p + y region. 

The performed inves t iga t ion  shows t h a t  i n  t h e  phase-equilibrium tetrahedron 
of t h e  quaternary system Ti-Al-Mo-V, t h e  above-indicated phase regions s h i f t  
s t e a d i l y  from t h e  system Ti-Al-Mo v i a  t h e  intermediate  system Ti-A1-(Mo:V = 1:l) 
toward t h e  system Ti-Al-V. For t h e  sake of a c l e a r  treatment of t h e  process of 
t h i s  s h i f t ,  w e  s h a l l  consider  f i v e  sec t ions  of t h e  phase-equilibrium tetrahedron 
of t he  quaternary system Ti-Al-Mo-V at  600° with  a constant  t i tanium concentra- 
t i o n  of 90, 80, 70, 60 and 50 w t  percent ( f i g .  '3). 

The sec t ions  with 90 and 80 percent  T i  c u t  through t h e  a and a + f3 phase 
regions.  I n  the  s h i f t  from t h e  Ti-Al-Mo system t o  t h e  Ti-Al-V system, t h e  f i e l d  
of t h e  a s o l i d  so lu t ion  expands continuously from 1 percent  Mo t o  2.5 percent  V 
on t h e  sec t ion  with 90 percent  T i  and from 1 percent  Mo, 3 percent (Mo-V) t o  4 
percent  V on t h e  sec t ion  with 80 percent  T i .  
sec t ions  belong t o  t h e  a + p region. 

The overwhelming majori ty  of these  

The sec t ion  with 70 percent  T i  shows a + y, a + l3 + y, a + f3 and /3 phase 
regions.  
expands, and the  Q: + f3 + y region narrows down. Awide f i e l d  of t h e  a + p re- 
gion i s  found i n  t h e  middle por t ion  of t h i s  sect ion.  

I n  the  s h i f t  from t h e  Ti-Al-Mo t o  t h e  Ti-Al-V system, t h e  a + y region 

The regions of p s o l i d  solut ions,  which extend from t h e  systems Ti-Al-Mo 
and Ti-Al-V, become joined toge ther  on t h i s  sec t ion .  

T1-GBAL 

T L-.~L!/ A 1 

rl. TL- 5U V Ti-5UMo 

Figure 3. P a r a l l e l  sec t ions  of t h e  te t rahedron of the  phase 
equilibrium of t h e  quaternary system Ti-Al-Mo-V a t  600° a t  a 
constant t i tanium concentration of 90, 80, 70, 60 and 30 w t  
percent.  
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The sec t ion  wi th  60 percent  T i  i s  dis t inguished by t h e  f a c t  t h a t  it dis -  
p lays  simultaneously t h e  processes of gradual s h i f t  of y ,  a + y, a + f3 + y, 
a + f3 ,  and p regions i n  t h e  tetrahedron. I n  t h e  course of t h e  s h i f t  from t h e  
Ti-Al-Mo system t o  t h e  Ti-Al-V system, t h e  region of t h e  B phase narrows down 
smoothly a t  first, then expands, passing through the  system Ti-Al-(Mo:V = 1:l). 

A new phase region ( f 3  + y region) which s h i f t s  s t e a d i l y  from the  Ti-Al-Mo 
system t o  the  Ti-Al-V system appears on t h e  sec t ion  wi th  30 percent  T i .  On t h i s  
sect ion,  i n  the  po r t ion  adjacent  t o  t h e  s ide  of t h e  Ti-Al system of t h e  tetra- 
hedron, t h e  complete s h i f t  of t h e  ind iv idua l  phase regions i s  impaired under t h e  
inf luence of a complex i n t e r a c t i o n  of t h e  phases a t  t he  aluminum vertex of the  
tetrahedron. 

On t h e  basis of t h e  above inves t iga t ion ,  w e  p lo t t ed  a diagram of t h e  phase 
equilibrium of the  quaternary system Ti-Al-V-Mo i n  t h e  region of a l loys  r i c h  i n  
t i tanium a t  600° (fig.. 6).  

I n  t h e  phase-equilibrium tetrahedron, t h e  volume of t h e  a s o l i d  so lu t ion  
i s  adjacent t o  t h e  s ide  of t he  binary system Ti-Al from zero t o  25 percent  A l .  
The quaternary f3 s o l i d  so lu t ion  i s  adjacent t o  the  f ace  of t h e  t e rna ry  system 
Ti-Mo-V when the  t o t a l  content of aluminum, molybdenum and vanadium i s  over 22 
percent .  The quaternary y so l id  so lu t ion  based on TiAl extends from the  binary 
system Ti-Al toward t h e  i n t e r i o r  of t he  tetrahedron. 
te t rahedron i s  occupied by a two-phase a + f~ volume. The three-phase a + f3 + y 
volume borders on t h e  two-phase a + 8, a + y,  and @ + y volumes and t r ave r ses  
the  tetrahedron from t h e  f ace  of t h e  te rnary  system Ti-Al-Mo t o  the  face  of t h e  
t e rna ry  system Ti-Al-V. 

The c e n t r a l  por t ion  of t h e  

Thus, a geometrical representat ion of t he  s tudied por t ion  of t h e  phase equi- 
l ibr ium tetrahedron a t  6000 revea ls  t he  character  of t h e  i n t e r a c t i o n  between the  
components and c l e a r l y  shows t h e  expansion of t he  phase regions i n  t h e  quatern- 
a ry  system Ti-Al-Mo-V. 

45Mo 4 5  v 

Figure 6. 
Ti-Al-Mo-V i n  the  region of a l loys  r i c h  i n  t i tanium a t  6000. 

Phase equilibrium diagram of t h e  quaternary system 
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PHASE STFZJCTURE OF ALGOYS OF THE SYSTEM Ti-Al-Fe-Cr-Si WITH 
A CONSTANT CONTENT OF ALUMINUM AID SILICON 

V. S. Mikheyev and K. P. Myasnikova 

I n d u s t r i a l  a l loys  of t h e  AT s e r i e s  (ref. 1) are high-strength a l loys  based 
on a - T i  al loyed with aluminum, chromium, i ron,  s i l i c o n  and boron. This multi- 
component system has been s tudied i n  severa l  works ( re fs .  2 and 3) .  I n  ref- 
erence 2, a study w a s  made of t he  system Ti-Al-Cr-Fe-Si-B with a var iab le  con- 
t e n t  of aluminum (from zero t o  7.5 w t  
chromium, i r o n  and s i l i c o n  (0.5 w t  
reference 3,phase transformations i n  the  system Ti-Al-Cr-Fe-Si with a constant 
content of aluminum (6.0 w t  percent)  and s i l i c o n  (0.3 w t  percent )  and a 
var iab le  content of i ron  and chromium were studied. 

percent)  and a constant content of 
percent  of each al loying element). I n  

The objec t  of the  present  inves t iga t ion  was a study of t h e  phase equi l ib-  
rium i n  a l loys  of the sec t ion  of t h e  te t rahedron Ti(+0.3 percent Si)-Al-Fe-Cr a t  
a constant aluminum content (7.5 w t  percent ) .  I ron and chromium were introduced 
i n  the  proportion of 3: l ,  1:l and l :3 ,  the t o t a l  being up t o  30 percent .  Hence- 
f o r t h ,  t he  corresponding r a d i a l  sec t ions  w i l l  be termed sect ions I, I1 and 111. 

The basis f o r  the  p l o t t l n g  of t h e  equilibrium diagram of the  a l loys  of the  
selected sec t ion  of the  five-component system w a s  a method of s p a t i a l r e p r e s e n t a -  
t i o n  of p a r t i a l  multicomponent systems f o r  any given number of components en- 
t e r i n g  i n t o  the  composition of the  so l id  so lu t ion  of t he  solvent  ( r e f .  4).  

One of t h e  ve r t i ce s  of t he  concentration t r i a n g l e  which we studied w a s  
made up of the  a s o l i d  so lu t ion  wi th  7.5 w t  percent Al a n i  0.3 w t  percent  S i ,  
and the  o the r  two were i ron  and chromium. 

The chemical i n t e r a c t i o n  of t i tanium wlth aluminum, chromium, i ron  and 
s i l i c o n  i n  binary systems and a l s o  the  s t ruc tu re  of t e rna ry  t i tanium a l loys  a re  
described i n  monographs (refs. 5-7). 

With the  above-indicated elements, t i tanium forms a wide region of f3 s o l i d  
so lu t ion  and a narrow region of a so l id  solut ion.  As the temperature i s  lowered, 
t he  s o l i d  so lu t ion  based on p-Ti  undergoes a eutectoid transformation wi th  the  
p rec ip i t a t ion  of t he  a s o l i d  so lu t ion  and of t h e  corresponding in t e rme ta l l i c  
compounds: T i  S i  i n  the  system Ti-Si, TiFe i n  the  system Ti-Fe, and T iCr2  i n  

the  system T i - C r .  
5 3  
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The solubility of each of the enumerated elements in a-Ti is 0.3-0.5 per- 
cent at the temperature of the eutectoid transformation (refs. 8-10). 

92,O 
91,7 
91,2 
88,7 

Aluminum raises the temperature of the polymorphic transformation of ti- 
tanium and forms a wide region of solid solutions based on a-Ti. 

0,15 
0,375 
0,75 
1,875 

An investigation of the properties of a solid solutions in the TP-Al sys- 
tem revealed the presence of chemical compounds corresponding to the composi- 
tions ~ i ~ ~ 1 ,  Ti ~l and Ti2& (ref. 11). 

over a wide temperature range. Iron and chromium lower the temperature of the 
polymorphic transformation of titanium. 
f3 phase is associated with the formation of the a phase, TiFe and TiCr2 (ref. 

3 
In the three-component system Ti-Fe-Cr, the B solid solution is stable 

The eutectoid decomposition of the 

12). 

In the other ternary systems Ti-Al-Fe and Ti-Al-Cr, on the polythermal 
sections at a constant aluminum content of 7.5 percent, phases based on a- and 
B-Ti are in equilibrium with intermetallic compounds corresponding to the com- 
position TiFe in the first system and TiCr2 in the second (refs. 13 and 14). 

Starting Materials and Method of Preparation of the Alloys 

The compositions of the investigated alloys are shown in the table. The 
starting materials for the preparation of the samples were: 
sponge, electrolytic chromium, KR1 silicon, A00 aluminum, and iron (0.03 per- 
cent C; 0.01 percent Mn; 0.008 percent P; traces of S). 

TGOO titanium 

CHEMICAL COMPOSITION OF THE ~ O Y S  STUDIED (IN wt PERCENT) 

Fe I 

82v2 77,2 I 11,25 7*50 
72,2 15,O 
62,2 1 22,5 

I1 

0,lO 
0,25 
0,50 
1,25 
2,50 
3,75 
5,o 

10,o 
15 ,O 

7,50 

I11 

0,05 
0,125 
0,25 
0,625 
1,25 
1,875 
2,50 
3,75 
590 
7.5 

I 

0,05 
0,125 
0,25 
0,625 
1,25 
1,875 
2,50 
3,75 
5,O 
7,5 

I1 

0,lO 
0,25 
0,50 
1,25 
2,50 
3,75 
590 
7,50 

10,o 
15,O 

- . . . . ._ 
I11 

0,15 
0,375 
0,75 
1,875 

5,625 
7,50 
11,25 
15,O 
22,5 

3,75 

Note: All alloys contain 0.3 wt percent Si 
and 7.5 wt percent Al. 
Note: A l l  commas represesent decimal points. 
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Samples of the  a l loys  weighing 20 g were prepared by arc  fus ion  i n  argon. 
The weight loss w a s  no more than 0.5 percent.  The c a s t  samples were forged i n  
a i r  i n t o  rods 7 mm i n  diameter after being heated a t  1200'. 

The heat  treatment w a s  car r ied  out i n  sealed and evacuated quartz  ampules. 
To prevent the t i tanium a l loys  from react ing with quartz,  t h e  sampleswere placed 
i n  a tube made of t h i n  molybdenum sheet .  

The heat  treatment consisted i n  annealing t h e  samples a t  1100, 1000 and 
800 and 500° with a holding time of 10, 15, 300 and 750 hr ,  respect ively.  

After  annealing a t  1100, 1000 and 800°, one group of t h e  samples w a s  
quenched i n  water, and t h e  o the r  was furnace-cooled a f t e r  annealing a t  500'. 

The study of t h e  p a r t i a l  system w a s  car r ied  out by means of microstructural  
and x-ray analysis .  After  each type of heat  treatment,  the  e l e c t r i c a l  r e s i s t i v -  
i t y  and hardness of t he  a l loys  were measured. 

The hardness w a s  measured with a Vickers instrument byindent ingthe  sample 
with a diamond pyramid having a leap  angle of 1360 a t  a load of 1 0  kg. 
e l e c t r i c a l  r e s i s t i v i t y  of t h e  a l loys  w a s  studied potent iometr ical ly .  The x-ray 
s t r u c t u r a l  ana lys i s  w a s  performed by using un f i l t e r ed  vanadium rad ia t ion  i n  a 
RKD camera. 

The 

Results 

The microstructure of t h e  a l loys  was studied i n  the  cas t ,  quenched and 
annealed s t a t e .  

The samples were etched with a mixture of hydrofluoric and n i t r i c  acid with 
g lycer in  ( i n  t he  proportion of 1:l:l). 

Microstructural  analysis  of the  c a s t  samples showed t h a t  t he  phase which 
c r y s t a l l i z e s  f i r s t  i n  the  a l loys  of a l l  th ree  sec t ions  i s  a so l id  so lu t ion  based 
on @-Ti .  The s t r u c t u r e  of the  cas t  a l loys  of sec t ions  I, I1 and I11 had a s ingle  
phase, with the  exception of t h e  a l loy  containing 30 w t  
sec t ion  I, where t h e  p r e c i p i t a t i o n  of a second phase w a s  observed ( f ig .  l a ) .  

percent  (Fe + Cr) of 

A t  llOOo i n  the  range of concentrations of Fe + Cr f r o m  zero t o  20 w t  per- 
cent of sec t ions  I and I11 and up t o  30 w t  
have the  s t ruc tu re  of t he  f3 so l id  so lu t ion .  Quenching from t h i s  temperature 
causes a p - ,a f  martensi te  transformation ( f i g .  lb) i n  a l loys  containing up t o  
5 w t  percent (Fe + Cr). I n  higher a l loys ,  t h e  p phase becomes f ixed ( f i g .  IC). 

percent of sec t ion  11, the  a l loys  

I n  a l loys  with 30 w t  percent (Fe + Cr) of sect ions I and 111, the prec ip i -  

X-ray d i f f r a c t i o n  ana lys i s  es tabl ished t h a t  t h e  sec- 
t a t i o n  of a second phase i s  observed along the  boundaries and t h e  f i e l d  of p 
gra ins  ( f i g .  Id and e ) .  
ondary phase p rec ip i t a t ing  from the  f3 so l id  so lu t ion  i s  the  in t e rme ta l l i c  com- 
pound TiFe ( 6  phase) i n  a l loys  of s ec t ion  I, and i n  a l loys  of sec t ion  111, the  
in t e rme ta l l i c  compound T i C r 2  of hexagonal modification (y phase). 
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Figure 1. Microstructure of t he  a l loys  a f t e r  various heat  treatments,  
x 340. a, a l l o y  of sec t ion  I with 30 percent  (Fe + Cr), cas t ;  b ,  a l l o y  
of sec t ion  I1 wi th  5 percent  (Fe + Cr), quenching from llOOo; e,  a l l o y  
of sec t ion  I with 7.3 percent  (Fe + Cr) a t  l l O O o ;  d, a l l o y  of s ec t ion  I 
with 30 percent  (Fe + Cr), quenching from llOOo; e ,  a l l o y  of sec t ion  I11 
with 30 percent  (Fe + C r ) ,  quenching from llOOo; f ,  a l l o y  of s ec t ion  I 
with 2.5 percent (Fe + Cr), quenching from 1000°; g, a l l o y  of s ec t ion  I 
with 0.2 percent (Fe + Cr), quenching from 8 0 0 ~ ;  h, a l l o y  of s ec t ion  I1 
with 7.5 percent  (Fe + Cr), quenching from 800~ ;  i, a l l o y  of s ec t ion  I1 
with 20 percent  (Fe + Cr), quenching from 8 0 0 ~ ;  j, a l l o y  of sec t ion  I11 
with 7.5 percent  (Fe + Cr), annealing a t  6000. 
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Figure 1. (Concluded) 

Figure 2a shows an isothermal section of the tetrahedron Ti (+O.3 percent 
Si)-Al-Fe-Cr with a constant aluminum content (7.5 w t  The 
main portion of the concentration triangle is occupied by the five-component (3 
solid solution. The boundaries of the two-phase regions f3 + 6 and f3 + y were 
not accurately determined, and they are therefore represented by broken lines. 

percent) at llOOo. 

The compositions of the alloys on the isothermal section at llOOo which 
undergo a martensite transformation are marked with crosses. 

On quenching from 1000°, the alloys containing iron and chromium (up to 2.5 
wt 
formed as a result of the polymorphic f3 * C Y .  transformation (fig. lf). 
of the a solid solution in the alloys decreases as the sum of iron and chromium 
increases. 

percent) together with the (3 and a' phases contain the equilibrium a phase 
The amount 

The pure (3 solid solution becomes fixed in alloys containing 3-20 wt per- 
cent (Fe + Cr) of section I. In the microstructure of alloys with 5 wt pereent 
of the alloying components in sections I1 and 111, martensite needles are ob- 
served; their highest quantity is found in the alloy of section 11, at the ratio 
Fe:Cr = 1:l. An increase in the content of iron and chromium in the alloys of 
these sections causes a stabilization of the (3 phase. At 1000°, the region of 
existence of the f3 solid solution narrows down considerably owing to the appear- 
ance of the two-phase a + f3 region and the expansion of both the f3 + 6 and 
f3 + y regions as a result of a decrease in the solubility of the intermetallic 
compounds in f3-Ti with increasing temperature (fig. 2b). 
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n t  

Fe Cr Fe Cr 

Figure 2. Isothermal sec t ions  of t h e  te t rahedron:  
a, a t  llOOo; b, a t  1000°; e, a t  8000; d, a t  300°. 

After annealing a t  8000 and quenching from t h i s  temperature, t he  a l loys  
r i c h  i n  t i tanium and containing up t o  0.2 w t  
hedral  s t ruc tu re  of t h e  a so l id  so lu t ion  ( f i g .  l g ) .  
range of i r o n  and chromium of 0.5-13 w t  percent ,  a l l  t h e  a l loys  cons is t  of two 
phases (a + B). 

percent  (Fe + Cr) have the  poly- 
I n  t h e  concentration 

It should be noted t h a t  t he  microstructure  of a l loys  with 7.5 w t  percent  
(Fe + Cr) r e f l e c t s  t h e  p e r i t e c t o i d  character  of t h e  i n t e r a c t i o n  of t he  phase 
components ( f ig .  l h ) .  
proposed by Zwicker e t  a l .  (ref. l5), with a pe r i t ec to id  nature  of t h e  forma- 
t i o n  of t h e  a phase by the  reac t ion  p + a2 -+ a. 

This may be a confirmation of t h e  phase diagram of Ti-A1 

However, t h e  available da ta  per ta in ing  t o  t h i s  problem are i n s u f f i c i e n t  t o  
A f u r t h e r  s tudy of t h e  phase transformations allow any d e f i n i t i v e  conclusions. 

i n  t h e  a s o l i d  so lu t ion  of t i tanium i n  binary,  t e rna ry  and multicomponent sys- 
tems wi th  aluminum i s  necessary. 

Alloys with a high t o t a l  content of i r o n  and chromium (20-30 w t  
have a two-phase s t r u c t u r e  p + 6 (a l loys  of s ec t ion  I) o r  p + y (a l loys  of 

percent )  
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section 111) or a three-phase structure p + 6 + y (alloys of section 11). 
characteristic structure of the three-phase state is shown in figure li. 

A 

In the study of the microstructure of alloys quenched from 800°, no single- 
phase structure of the f3 solid solution was observed, probably because we did 
not investigate the compositions of alloys with 15-20 wt percent (Fe + Cr). 

On the basis of the studies made in reference 3 and data of microstructural 
and x-ray structural analysis on the phase equilibrium in alloys with higher or 
lower content of iron or chromium, it is possible to postulate the existence of - 
a narrow region of a single-phase p solid solution on the isothermal section at 
8 0 0 ~ .  

Figure 2c shows a phase diagram of the section of the tetrahedron Ti(+0.3 
percent Si)-Al-Cr-Fe at 800'. 

The five-component f3 solid solution at this temperature is in a two-phase 
The maximum solubil- and three-phase equilibrium with the a + y and 6 phases. 

ity of the sum of iron and chromium at 800° in the five-component a solid solu- 
tion amounts to no more than 0.4 wt percent. 

Long annealing for 750 hr at 500' leads to a complete eutectoid decomposi- 
tion of the f3 solid solution (fig. 13). 
ysis, all the alloys at 500' have a three-phase structure a + 6 + y.  

According to the x-ray structural anal- 

A phase diagram at 500' is shown in figure 2d. 

Thus, the investigation of the five-component system Ti-Al-Fe-Cr-Si con- 
taining up to 30 percent (Fe + Cr) at 1100, 1000, 800 and 500' has shown that 
a and f3 solid solutions and intermetallic phases TiFe and TiCr2 are formed in 

this system. However, a more complex character of interaction can be postulated 
in this system. In particular, as was indicated above, the formation of the 
chemical compound Ti Al (a2 phase) is possible. Because the nature of the in- 

teraction in the binary system Ti-Al in the region of the a solid solution has 
not been definitely established, and the influence of iron or chromium in the 
three-component systems Ti-Al-Fe and Ti-Al-Cr has not been elucidated, in plot- 
ting the isothermal sections we did not take into account the regions of phase 
equilibria with the a2 phase. 

3 

The investigation which was carried out makes it possible to draw some 
conclusions with regard to the influence of aluminum on the chemical interac- 
tion of titanium with chromium and iron. Aluminum raises the temperature of 
the polymorphic transformation, as indicated by the phase equilibria on the 
isothermal sections at 1000 and 800'. 
bility of the intermetallic phases in B-Ti, and as a result, the boundaries of 
the two-phase f3 + 6 and f3 + y regions with the single-phase region of the p 
phase shift toward a lower total content of iron and chromium as the content of 
aluminum in the alloys increases (refs. 3 and 12). 

Furthermore, aluminum decreases the solu- 
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Hardness of t he  Alloys 

The hardness of t h e  a l loys  w a s  measured on samples quenched from 1000 and 
800° and annealed a t  500'. 

The hardness of t h e  a l loys  versus t h e i r  composition i s  shown graphica l ly  i n  
f igure  3. 

The maximum hardness i s  exhibi ted by alloys containing 2.5 w t  percent  (Fe + 
C r )  of sec t ions  I and 111 and 5 w t  percent  (Fe + C r )  of s ec t ion  11. 

The most pronounced martensi te  decomposition of f3 gra ins  i s  observed i n  
these  a l loys ,  and t h i s  i s  what causes such an increase  i n  hardness. 

The hardest  a l l o y  w a s  found t o  be  t h e  one containing 5 w t  percent  (Fe + 
C r )  of sec t ion  11. 
Ti-Fe-Cr, t he  maximum hardness i n  t h e  quenched state i s  a l s o  displayed by a l l o y s  
with the  r a t i o  Fe:Cr = 1:l a t  a content of about 5 w t  

It i s  i n t e r e s t i n g  t o  note  t h a t  i n  t h e  t e rna ry  system 

percent  (Fe + C r )  ( r e f .  
12). 

The minimum on the  curves represent ing t h e  dependence of t h e  hardness on 
the  composition corresponds t o  a content of 7.5 w t  
a l loys.  These a l loys  have the  s t r u c t u r e  of a f ixed  p s o l i d  so lu t ion .  A f u r t h e r  
increase i n  t h e  content of a l loying components i n  t h e  p phase promotes an in-  
crease i n  hardness. 

percent  (Fe + C r )  i n  t h e  

A t  800°, t h e  change i n  the  hardness of t he  a l loys  as a func t ion  of compo- 
s i t i o n  follows the  phase transformations i n  the  system. 

I n  the  region of t h e  a so l id  solut ion,  t h e  hardness rises with t h e  sum of 
i ron  and chromium, reaching maximum values a t  t h e  l i m i t  of maximum s o l u b i l i t y  
of t he  al loying elements i n  a - T i .  

a b C 

7l7 zu 3u 67 7-0 z f f  3u0 Iff 20 3uff 3gR 

Fe + C r ,  w t  percent 

Figure 3. Hardness of t h e  a l loys  versus composition and temperature: 
a, sec t ion  I, Fe:Cr = 3:l; b, sec t ion  11, Fe:Cr = 1:l; c, sec t ion  111, 
Fe:Cr = l:3; 1, a l loys  quenched from 1000°; 2, a l loys  quenched from 
8 0 0 ~ ;  3, a l loys  annealed a t  500°. 
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The appearance of the p phase and increase in its quantity cause a decrease 
in the hardness of the alloys. However, in alloys containing from 7.5 wt per- 
cent (Fe + Cr) (as well as on the "composition-hardness" curve at 1000°), the 
hardness increases, since the f3 phase is hardened by the alloying. 

The curve representing the dependence of the hardness of the alloy on its 

This is explained by the presence in the alloys of intermetallic phases 
composition at 50Oo lies above an analogous curve for alloys quenched from 
8 0 0 ~ .  
resulting from the eutectoid decomposftion of the f3 phase. The hardness of the 
alloys at 500° in the region of a solid solution varies as does the hardness at 
8 0 0 ~ .  

In the three-phase region, because of the increase in the content of t%e 
intermetallic compounds TiFe and TiCrp in the alloys, the hardness should Zn- 

crease. No such regular change in hardness is observed on curve 3 (fig. 3). 
The alloys of all the sections containing about 10 wt percent (Fe + Cr) have 
minimum values of the hardness. This anomalous character of the dependence of 
the hardness on the composition can be attributed either to an incomplete eu- 
tectoid decomposition of the @ phase or to the formation of the phase Ti Al. 

Ele c t ric al. Re s is t ivi ty 

, 

3 

The electrical resistivity was studied on samples 5 mm in diameter quenched 
from 1000 and 800° and annealed for a long time at 500'. 

Results of the measurements are shown graphically in figure 4. 

The phase transformations in the alloys at 1000° are reflected by the 
curve representing the electrical resistivity versus the composition. 

a b 
- I- 

C r-r-l 

f 70 f 70 75 n 5. 7fl 75 
Fe + Cr, wt percent 

Figure 4. 
temperature: a, section I, Fe:Cr = 3:l; b, section 11, Fe:Cr = 1:l; 
e, section 111, Fe:Cr = l:3; 1, alloys quenched from 1000°; 2, alloys 
quenched from 800~; 3 alloys annealed at 500'. 

Electrical resistivity of the alloys versus composition and 
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In the two-phase a + p region, the electrical resistivity of the alloys 
changes insignificantly when they are alloyed with iron o r  chromium (up to 2.5 
wt percent). The shift to.the single-phase p region is associated with an 
abrupt increase in the electrical resistivity of the alloys, probably due to a 
maximum stress condition of the f3 grains during the formation of the at  phase. 
A further increase in the content of iron and chromium has little effect on 
the change in the electrical resistivity of the alloys. 

At 8000, the curve of composition versus electrical resistivity rises 
monotonically up to a content of 7.5 w t  
pattern of change in the electrical resistivity of the alloys at 800' may be 
due to the transformations discussed above. 

percent (Fe + C r ) ,  then descends. This 

The eutectoid decomposition of the p phase at 500° has a negligible in- 
fluence on the dependence of the electrical resistivity of the alloys on the 
composition. 

Thus, the greatest influence on the dependence of the electrical resistiv- 
ity of the alloys on the composition is exerted by the structural stress condi- 
tion of the grains of the p solid solution during quenching as a result of the 
formation of metastable phases. 
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STUDY OF THE ALLOYS OF THE TERNARY SYSTEM Ti-Al-Zr 

Ye. N. Pylayeva and M. A. Volkova 

The study of the phase diagram of the ternary system Ti-Al-Zr is of great 
practical interest because this system should contain a wide region of solid 
solutions which may serve as the basis for the dkvelopment of alloys operating 
at high temperatures. Literature data pertaining to phase diagrams of this sys- 
tem are lacking. In reference 1, a study was made of the mechanical properties 
of ternary alloys of titanium with aluminum and zirconium, and it was found that 
alloying of a-Ti with aluminum and zirconium (up to 8-18 percent Al + Z r )  raises 
the high-temperature strength of the alloys of the system at temperatures of 
20-650~.  We have studied the alloys of the ternary system Ti-Al-Zr along the 
section originating from the vertex of pure zirconium and extending to the com- 
position of the alloy of the binary system Ti-Al, containing 9 percent A l  and 
91 percent Ti (the alloy has the hexagonal structure of a-Ti). In composition, 
this alloy corresponds approximately to the proposed compound Ti6M (8.7 per- 

cent &; 91.3 percent Ti). The possibility of the existence of the compound 
Ti6m was demonstrated by results of measurements of the Hall constant for al- 

* loys of the system Ti-Al (ref. 2). The problem of the existence of this com- 
pound has not been definitively solved. 

The system Ti-A1 is characterized by a complex chemical interaction of the 
components, which form a series of metallic compounds, and the literature con- 
tains contradictory views concerning the stoichiometric composition of these 
compounds (TigAl (ref. 2), Ti Al (refs. 2-4), Ti Al (ref. 5), Ti2& (refs. 4 3 3 2  

and 5 ) ) .  

Titanium and zirconium (a and p modifications) form a continuous series of 
solid solutions with a minimum (fig. 1). 

Zirconium and aluminum form a phase diagram with a limited solubility and 
several metallic compounds: Zr5A13, Zr2Al ,  Zr A1, etc. (ref. 6). 3 

In this work, use was made of methods of thermal and microstructural anal- 
ysis, and the electrical resistivity and hardness of the alloys were determined. 
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Figure 1. Concentration t r i a n g l e  of a 
p a r t  of t h e  te rnary  system Ti-Al-Zr .  
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The s t a r t i n g  mater ia l s  were: iodide zirconium, TGOO t i tanium sponge, and 
AVO00 aluminum. 
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The compositions of t h e  a l loys  s tudied were as follows: 
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COMPOSITION OF ALLOYS ( I N  W INITIAL MIXTURE) ( I N  w t  PERCnVr) . 
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I n  order  t o  study the  microstructure  and hardness, t he  a l loys  were melted 
i n  an a r c  furnace i n  argon; t o  study t h e  e l e c t r i c a l  r e s i s t i v i t y ,  t h e  a l loys  
were prepared by f l o a t i n g  zone-melting i n  helium. The d i f fe rence  i n  t h e  weight 
of t he  samples before and after the  fus ion  did not exceed 0.5 percent,  and f o r  
t h i s  reason t h e  a l loys  were not analyzed chemically. 

The heat  treatment of t he  a l loys  was as follows: 

The a l loys  were quenched from 1100, 850, TOO and 500°. 

1200°, 6 hr;  l l O O o ,  50 
hr ;  1000°, 100 hr ;  850°, 200 h r ;  800°, 300 hr;  TOO0, 300 hr ;  goo0, 400 hr ;  500°, 
750 hr .  
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I n  order t o  determine t h e  c r i t i c a l  po in t  of t h e  a l loys  i n  the  so l id  state, 
a d i f f e r e n t i a l  recording of t h e  heat ing and cooling curves w a s  car r ied  ou t  with 
a Kurnakov pyrometer using samples annealed as indicated above. The recording 
was  car r ied  out  i n  a i r  ( f o r  a l loys  of a l l  compositions) and simultaneously i n  a 
vacuum, i n  evacuated and sealed Stepanov quartz  vessels  ( f o r  c e r t a i n  a l l o y  
compositions). 

For a l loys  with 70-90 percent  Zr, t h e  d i f fe rence  i n  the  temperatures ob- 
ta ined i n  both cases w a s  -30°, and f o r  a l loys  with a lower zirconium content,  
no more than 20'. 

The thermograms displayed thermal e f f e c t s  corresponding t o  t h e  following 
The phase transformations: 

c r i t i c a l  po in ts  i n  the  so l id  state are shown on t h e  graph of f igu re  2. 
on heating, a -'a + f3 and on cooling, p -'a + p. 

A s  can be seen f r o m  f i gu re  2, t h e  temperature of the  a -,a + B transforma- 
t i o n  decreases as the  content of zirconium i n  t h e  a l loys  rises f r o m  zero t o  -65 
percent,  and passes through a minimum a t  -660'. 

The microstructure of t h e  a l loys  w a s  s tudied on c a s t  samples and af ter  
quenching f r o m  1100, 800 and 500°, and i n  c e r t a i n  a l loys  a l s o  after quenching 
from 850 and TOO0. 
1200' have the  s t ruc tu re  of t he  transformed p phase. 
ance of such a microstructure i s  shown i n  f igu re  3a. 
t h e  a l loys  containing from zero t o  3 percent Z r  had an a + a ac icu la r  s t r u c t u r e  
( f ig .  3b), where the  ac i cu la r  s t ruc tu re  of t he  decomposed a phase is  v i s i b l e  be- 
tween the  l i g h t  gra ins  o f  t h e  B phase, i . e . ,  a t  llOOo these  a l loys  a re  i n  the  
a + p region. 

The c a s t  a l loys  and the  majori ty  of t he  a l loys  quenched from 
A c h a r a c t e r i s t i c  appear- 
Af te r  quenching from llOOo, 

I I 

u za 40 60 m iuu 
Zr ,  w t  percent 

Figure 2. 
1, single-phase alloys; 2, two-phase a l loys ;  3, da ta  of thermal 
ana lys i s  conducted i n  a vacuum; 4, data  of thermal analysis  
conducted i n  a i r .  

Polythermal sec t ion  of t h e  t e rna ry  system Ti-Al-Zr :  
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I 

After quenching from 800°, depending on t h e i r  content of zirconium, t h e  
a l loys  d isp lay  t h e  polyhedral s t r u c t u r e  of t h e  Q: so l id  so lu t ion  ( f i g .  3c) ,  t he  
s t ruc tu re  of t he  ac i cu la r  a phase ( s imi la r  t o  the  s t ruc tu re  shown i n  f i g u r e  3a) ,  
and a l so  a mixed s t r u c t u r e  of t h e  polyhedra of t he  a so l id  so lu t ion  and of t h e  
a c i c u l a r  p phase (analogous t o  t h e  s t r u c t u r e  shown i n  f i g u r e  3b). The phase com- 
pos i t i on  of the  a l loys  s tudied by t h e  microscopic method i s  shown i n  f i g u r e  2. 

Figure 3. 
x 200: a, a l l o y  of 82.2 percent  T i  + 10 percent Zr + 7.8 percent Al; 
quenching from llOOo; transformed @ phase; b ,  a l l o y  of 91 percent 
T i  + 9 percent Al; quenching from l l O O o ,  cx + transform f3 phase: c, 
a l l o y  of 82.2 percent  T i  + 1 0  percent Zr + 7.8 percent Al; quenching 
from 800°, a phase; d, a l l o y  of 86.8 percent T i  + 5 percent Zr + 8.2 
percent Al; quenching from 500°, a -b a2; e, a l l o y  of 91 percent  T i  + 
9 percent Al; quenching from 800°, a + a2. 

Microstructure of a l loys  of t he  t e rna ry  system Ti-Al-Zr ,  
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The majori ty  of t he  a l loys  quenched from 500' have the  s t ruc tu re  of the  a 
so l id  so lu t ion .  However, i n  a l loys  with 3, 5 and 7 percent Z r ,  a second phase 
p rec ip i t a t e s .  The s t ruc tu re  of the  a l l o y  i n  t h i s  region i s  shown i n  f i g u r e  3d. 
This phase i s  marked a phase on the  polythermal s ec t ion  and i s  probably based 

on the  meta l l ic  compound T i 3 M  ( re fs .  2 and 3) .  

s t ruc tu re  with a very s l i g h t  p r e c i p i t a t i o n  of t h e  a2 phase ( f i g .  3e). 

da ta  associated with the  p r e c i p i t a t i o n  of t h e  a2 phase requi re  f u r t h e r  re f ine-  

ment. 

2 

Alloys with 0 and 1 percent Zr after quenching from 800 and 500° have a 
These 

The e l e c t r i c a l  r e s i s t i v i t y  of a l loys  quenched from 1100, 800 and 500° w a s  
measured potent iometr ical ly .  As i s  evident from t h e  graph ( f i g .  4), the  r e s i s -  
t i v i t y  of the .alloys remains near ly  constant as t h e  zirconium content increases  
from zero t o  50 percent,  and as it  increases  fu r the r ,  the  r e s i s t i v i t y  dec l ines  
smoothly. 

The hardness of t he  a l loys  w a s  measured by means of a Vickers instrument 
with a diamond pyramid a t  a load of 10 kg. 
hardness changes along a curve arched upward ( f i g .  5 ,  curve l), and t h e  maximum 
values of t h e  hardness can obviously be explained by the  formation of metastable 
phases on quenching from t h e  region of t h e  B so l id  solut ion.  

I n  a l loys  quenched from llOOo, t he  

The curve represent ing the hardness of a l loys  quenched from 8000 ( f i g .  5 ,  
curve 2) a l s o  shows a hardness maximum which corresponds t o  a l loys  t h a t  under- 
went a martensite transformation during t h e i r  quenching from the  region of t he  
f3 so l id  solut ion.  

After  quenching from 500°, t he  hardness of t he  a l loys  changes along a curve 
arched upward ( f i g .  5 ,  curve 3) ,  which confirms t h e  presence of a continuous 
s e r i e s  of so l id  so lu t ions  i n  the  a l loys  of t h e  invest igated sect ion.  The trend 
of the curves d i d  not show any evidence of t h e  appearance of a second phase i n  
the  a l loys  containing from zero t o  7 percent zirconium. 

r( 

45 
U 20 46' 6U EU 76'U 

Z r ,  w t  percent 

Figure 4. 
T i - A l - Z r  versus zirconium content: 1, quenching from llOOo; 2, 
quenching from 800~; 3, quenching from 50Oo. 

E l e c t r i c a l  r e s i s t i v i t y  of a l loys  of the te rnary  system 
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Figure 5. Dependence of the  hardness of a l l o y s  
of the  t e rna ry  system: 1, quenching from 11000; 
2, quenching from 8 0 0 ~ ;  3, quenching from 500'. 

Summary 

1. A study of the  a l loys  of t h e  t e rna ry  system T i - A l - Z r  along a r a d i a l  
sec t ion  a t  a r a t i o  Al:Ti = 9:91 by methods of micros t ruc tura l  and thermal 
ana lys i s  and determination of t he  e l e c t r i c a l  r e s i s t i v i t y  and hardness shows 
the exis tence of a continuous s e r i e s  of solid so lu t ions ,  wi th  the  exception of 
the  a + a2 region adjacent t o  the  a l l o y  with 9 percent  Al and 91 percent  T i  
(500°, zirconium content ranging from zero t o  10 percent ;  see  f i g u r e  2) .  

2. A l l  t he  a l loys  of t h i s  sec t ion  undergo a polymorphic transformation 
analogous t o  the  transformation i n  pure t i t an ium and zirconium and i n  t h e  sys- 
tem T i - Z r ,  the  change i n  t h e  temperatures of t he  polymorphic transformation 
occurring along curves with a minimum (660°, -65 percent  Z r )  . 

3. The e l e c t r i c a l  r e s i s t i v i t y  and hardness of t he  a l loys  a f t e r  quenching 
from 1100, 800 and 500' changes along curves protruding upward; the  maximum 
values of the  hardness correspond t o  a l loys  quenched from t h e  region of t h e  @ 
s o l i d  so lu t ion .  
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PHASE EQUILIBRIUM OF KGOYS OF THE SECTION Ti3Al-Zr 

OF TBE TEIWARY SYSTEM Ti-Al-Zr 

I. I. Kornilov, T. T. Nartova and M. M. Savel'yeva 

The study of t h e  phase diagram of Ti-Al-Zr i s  of g r e a t  p r a c t i c a l  i n t e r e s t  
because it can serve as a basis f o r  t he  development of highly h e a t - r e s i s t a n t  
t i tanium a l loys .  

Data on the  phase diagram of t h i s  system a re  lacking i n  the  l i t e r a t u r e .  
The binary phase diagrams Ti-Al, T i - Z r  and Zr-Al have been s tudied by many 
authors ( r e f .  1). 

The T i - Z r  phase diagram i s  character ized by unlimited s o l u b i l i t y  between 
t h e  a: and B modifications of t i tanium and zirconium ( r e f .  2) .  

According t o  the  da t a  of recent  inves t iga t ions ,  a series of me ta l l i c  com- 
pounds a r e  formed i n  the  system Ti-Al i n  the  region of t h e  cz s o l i d  so lu t ion ,  
t he  presence of t he  compound T i  Al being the  most probable ( r e f s .  3 and 4).  

The purpose af  the  present  work w a s  t o  study the  phase equi l ibr ium and 

3 

c e r t a i n  p rope r t i e s  of the  a l loys  of t he  system Ti-Zr-Al along a rad ia l  s ec t ion  
extending from the  zirconium vertex t o  t h e  s i d e  of Ti-A1 t o  an a l loy  composi- 
t i o n  corresponding t o  the  compound T i  Al (16 w t  percent  Al). 

3 
The 

shown on 
1-1 

The 
5 ) .  The 

indiczted sec t ion  and the  compositions of t he  inves t iga ted  a l loys  a re  
the concentrat ion t r i a n g l e  of a por t ion  of t he  Ti-Zr-Al system ( f i g .  

samples were prepared by induction melting i n  the  f l o a t i n g  s t a t e  ( re f .  
s t a r t i n g  mater ia l s  were iod ide  t i tanium (99.87 percent  p u r i t y ) ,  iodide 

zirconium (99.9 percent  p u r i t y ) ,  and AVO00 aluminum. The chemical composition 
of t he  alloys w a s  checked by weighing the  samples before and a f t e r  fusion.  The 
loss did not exceed 1 percent .  

The samples were subjected t o  homogenizing annealing i n  vacuum f o r  6 h r s  
a t  1200° and 50 h r s  a t  llOOo. 
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percent  

Ti3& 

Figure 1. 
of t h e  t e rna ry  system T i - Z r - A l .  

Concentration triangle of a part  

The quenching of t h e  homogenized samples i n  w a t e r  w a s  ca r r i ed  out  under 
the  following conditions:  

Quenching temperature, OC . ,1200 1100 1000 900 850 750 TOO 500 
Holding time, hours . . . . . 6 50 100 150 250 400 500 750 

A t  the  same t i m e ,  samples of a l loys  of  t h e  same compositions were forged 
and subjected t o  prolonged annealing f o r  2300 h r s  a t  800° and for 3000 h r s  a t  
500°. 

I n  order  t o  s tudy the  a l loys  of t he  T i  A l - Z r  sec t ion ,  thermal, micro- 3 
s t r u c t u r a l ,  and x-ray analyses were performed, t h e  temperature of t he  s t a r t  of 
t he  fusion w a s  determined, and the  dependence of t he  densi ty ,  hardness, micro- 
hardness and e l e c t r i c a l  r e s i s t ance  a t  room temperature on the  composition of t h e  
a l loys  w a s  s tudied by commonly used techniques.  I n  order  t o  develop t h e  micro- 
s t r u c t u r e  of t he  a l loys ,  an e tchant  of t h e  following composition w a s  employed: 
8 p t s .  g lycer in ,  1 p t .  hydrofluoric acid,  1/2 p t .  n i t r i c  ac id ,  and 3-4 pts .  
water.  

We s h a l l  examine t h e  r h a r a c t e r i s t i c  microstructures  of t he  a l loys  of t h i s  
sec t ion  from various phase ,'egions ( f i g .  2) and t h e  phase equilibrium d i a g r a m  
of t he  sec t ion  T i  A l - Z r  ( f i g .  3 ) .  3 

I n  p l o t t i n g  the  l i n e  of t he  s o l i d s  of t he  T i  A l - Z r  sect ion,  we used d a t a  3 
obtained from the  determination of the  temperatures of t h e  s t a r t  of fus ion  of 
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Figure 2. 
a, alloy quenched f r o m  1200O; b, alloy quenched f r o m  l l O O o ;  c, alloy 
quenched f r o m  500'. 

Microstructure of alloy containing 20 percent Zr, x 200: 

tn zn 3u 40 sn 60 70 BO 90 IOO 
Zr, wt percent 

Figure 3. 
compositions; A ,  data of thermal analysis ?method due to 
N.S. Kurnakov); x ,  data of thermal analysis (optical method). 

Phase diagram of the section Ti Al-Zr :  0 ,  alloy 
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t h e  a l loys  by t h e  "drop method." 
temperature of t he  s tar t  of fus ion  of t he  a l loys  i n  a vacuum by means of an 
Op-48 o p t i c a l  pyrometer on samples of round cross  s e c t i o n  having a hole 0.8-1 
mm i n  diameter and 3-4 mm deep. The o p t i c a l  pyrometer recorded the  t i m e  when 
t h e  hole i n  the  sample w a s  f i l l e d  wi th  molten metal. Data obtained from t h e  de- 
termination of t h e  temperatures a t  t h e  start  of fus ion  and a microscopic analy- 
sis  of t h e  c a s t  s t ruc tu res  showed t h a t  a l loys  of t h i s  s ec t ion  c r y s t a l l i z e d  wi th  
t h e  formation of a continuous series of B s o l i d  so lu t ions  and t i tanium and z i r -  
conium. Microstructural  ana lys i s  of a l loys  quenched from 1200' shows t h a t  they 
r e t a i n  t h e  single-phase p-transformed s t r u c t u r e  of martensi te  type ( f ig .  2a).  

This method involves t h e  determination of t h e  

The phase transformation temperatures i n  the s o l i d  state of t h e  a l loys  of 
t h e  T i  Al-Zr sec t ion  were determined by d i f f e r e n t i a l  thermal ana lys i s  using a 

Kurnakov pyrometer, and samples subjected t o  prolonged annealing w e r e  employed. 
Thermal ana lys i s  shQws t h a t  as t h e  zirconium content increases ,  t h e  tempera- 
t u r e  of t he  polymorphic transformation of t h e  a l loys  of t h i s  s ec t ion  decreases 
and passes through a minimum a t  a content of-70 percent  Z r .  This i s  a l s o  con- 
firmed by da ta  on the  micros t ruc tura l  .analysis of a l loys  quenched f r o m  various 
temperatures. Two-phase a + B s t ruc tu res  ( f ig .  2b) are observed i n  t h e  a l loys  
a t  llOOo ( i n  t h e  range of zirconium concentration of 10-x) percent ) ,  a t  10000 
(20-30 percent) ,  a t  900' (40 percent) ,  and at 750° (60-80 percent) .  

3 

Alloys quenched from 500 and TOO0 have the  single-phase polyhedral s t ruc-  
t u r e  of t h e  a so l id  so lu t ion  over the  e n t i r e  s ec t ion  ( f i g .  2c). 

X-ray ana lys i s  confirms t h a t  a t  l o w  temperatures, t h e  a l loys  of t h e  T i  Al- 3 
Zr sec t ion  have the  single-phase hexagonal s t r u c t u r e  of a - T i  or a - Z r .  

The presence of a continuous s e r i e s  of so l id  so lu t ions  a t  low temperatures 
is  a l so  confirmed by the  "composition-property" diagrams ( f ig .  4). The hardness 
of the  a l loys  changes along a curve with a smooth maximum i n  the  region corre- 
sponding t o  60-70 percent  Z r .  The e l e c t r i c a l  r e s i s t ance  of  t h e  sane a l loys  

Figure 4. 

Z r ,  w t  percent  

Proper t ies  of a l loys  of t h e  sec t ion  
T i  Al-Zr versus zirconium content.  3 
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changes in similar fashion as a function of the composition and is characterized 
by a smooth change in this property. 
gated section changes linearly, rising with increasing zirconium content. 

The density of the alloys of the investi- 

A s  was shown by the investigations, the chemical interaction of the alloys 
of the Ti A l - Z r  section is similar to the interaction of titanium and zirconium 

in the binary system Ti-Zr and is characterized by the presence of a continuous 
series of solid solutions based on a- and @-Ti ( Z r )  . 

3 
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STUDY OF THE PHASE STRUCTTJRE OF THE mOYS OF TRE SYSTEM 
T i - A l - Z r  ALONG THE SECTION Ti3Al-Zr 

I. I. Kornilov and N. G. Boriskina 

Aluminum and zirconium have a des i r ab le  inf luence  on c e r t a i n  mechanical 
p rope r t i e s  of t e rna ry  a l l o y s  based on a - T i  a t  room temperature and high tempera- 
t u r e s  ( r e f .  1). However, t he  l i t e r a t u r e  l acks  d a t a  on the  phase s t r u c t u r e  of 
t he  a l l o y s  of t he  system Ti-Al-Zr, as a r e s u l t  of which a more extensive devel- 
opment of a l loys  o f  optimum compositions based on t h i s  system i s  hindered. 
Binary phase diagrams T i - Z r ,  Zr-Al and Ti-Al have now been s tudied i n  d e t a i l .  
The T i - Z r  system i s  character ized by the  formation of a continuous s e r i e s  of 
s o l i d  so lu t ions  based on @-Ti  and @-Zr a t  high temperatures and on a - T i  and 
a - Z r  a t  low temperatures ( r e f .  2) .  

Zirconium and aluminum form a complex phase diagram with a l imi ted  solu- 
b i l i t y  of aluminum i n  @- and a - Z r  and of zirconium and aluminum. These elements 
form e igh t  me ta l l i c  compounds ( r e f .  3) of which those r i c h e s t  i n  zirconium cor- 
respond t o  the  composition Z r  A l ,  Z r2Al  and Z r  Al 3 5 3' 

The Ti-Al system i s  character ized by the  formation of a s e r i e s  of me ta l l i c  
compounds: 

6 and 7 have es tab l i shed  the  formation of t h e  compound T i  A l  i n  the  system 

T i - A l .  Certain anomalies i n  the  change of the  H a l l  e f f e c t  of the  a l loys  of t h i s  
system have enabled the  authors  of reference 8 t o  propose the  exis tence of t he  

TiA13, T i A l  and T i  Al ( r e f s .  4 and 5 ) .  3 The authors  of references 

2 

compound Ti6Al.  

To cont r ibu te  t o  the  s tudy of t he  a l loys  of 
46-57) we inves t iga ted  t h e  a l loys  of t he  sec t ion  

da ta  of reference 7, the  compound Ti$ forms by 

p-TT + Ti3Al2 -, Ti* occurring a t  a temperature 

The compositions of the  inves t iga ted  a l loys  

shown i n  the  t a b l e .  The s t a r t i n g  mater ia l s  used 

t h e  system T i - A l - Z r  (see pp. 
Ti+-Zr .  According t o  the  

t h e  p e r i t e c t o i d  reac t ion  

of approximately 1300-1400°. 

of t he  sec t ion  T i  Al-Zr a r e  

w e r e  iodide zirconium and ti- 
2 

tanium sponge TGOO, i n  which the  t o t a l  impur i t ies  amounted respec t ive ly  t o  0.3 
and 0.18 percent ,  and AVO00 aluminum. 
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EUCTXCAL .RESISTIVITY AND DENSITY VERSUS COMPOSITION 
OF TITANIUM ALJ;OYS. 

Content, w t  percent 
- . .  . 

Ti 

78,O 
77,20 
75,70 
74,lO 
72, GO 
70,20 
GG, 30 
G2,40 
58,50 
54, GO 
46,80 
42,OO 
39,40 
31,20 
23,40 
15,GO 
1.1,70 
7,80 
3,RO 
1 ,Y5 

. 

~ 

AI 

22,o 
21,80 
21,30 
20 190 
20,40 
10,80 
18,70 
17,GO 
16,50 
15,40 
13,20 
12,10 
1 1 , G O  
8,80 
6,GO 
4,40 
3,30 
2,20 
1 , l O  
0,55 

~ 

Zr 
.. _- 

- 
1 ,oo 
3,oo 
5,OO 
7,OO 

10,oo 
15,OO 
20,oo 
25,OO 
30,OO 
40,OO 
45,OO 
50,OO 
GO, 00 
70,OO 
80,OO 
85,OO 
90,OO 
95,OO 
97,5 

____ - ~- 
Elec t r i ca l  r e s i s t i v  

i t y ,  ohm.m/mm 2 

i100" 
.- . - 
2,1323 
2,0745 
2,0735 
2,0!)57 
2,0522 
2,0142 
1,5/1'1G 
1,8691 
1,8124 
1,5260 
1,6138 
1 , 2 7 3  
1,4535 
1,7514 
1,2256 
1, 6083 
1 ,9805 
1,5139 
1,2165 - 

1 ~~ 

800' 
~- 

2,1223 
2,0754 
2,0705 
2,0O38 
2,0537 
1,9983 
1,4265 

1,6834 
1,5285 

1,6952 
1,4641 
1 ,7787 
1,2603 
1,3026 
1,4424 

1,1660 

- 

1,5733 

I ,4547 

- 

500° 
- 

2,1033 
2,OG34 
2,05556 
2,0837 
2,0456 
1,9918 
1,3520 

1,6603 
1,5285 
1 ,5079 
9,6533 
1 ,3047 
1,6813 
1,2232 
1 ,2643 
1,4375 

1,1369 

- 

1,3736 

- 

lens i t y  , 
p1c3 

4,0515 
4,0998 
4,1288 
4,1831 
4,2154 

4,3458 
4,4585 

4,5782 
4,7660 
4,7789 
4,9823 
5, 2389 
5,3706 
5, 6961 
5,7739 
5, $1588 
6 ,0835 

4, 2924 

4,5547 

- 

The a l loys  were prepared by a r c  fus ion  with a nonconsumable e lec t rode  i n  
argon. 

Samples of t h e  a l loys ,  sealed i n  double quartz  ampules under vacuum, were 
subjected t o  the  following heat  treatment:  
for 1 0  hrs, furnace cooling, and holding under t h e  following conditions:  
25 hrs ;  800°, 300 hrs ;  6000, 400 hrs ;  500°, 750 hrs .  
conditions of t h e  hea t  treatment of t he  a l loys  of t h e  Ti2A3-Zr sec t ion  as com- 

pared t o  t h e  conditions of t h e  hea t  treatment of a l loys  of t h e  sec t ions  T i6Al -Zr  

and T i  A l - Z r  i s  due t o  the  higher  v o l a t i l i t y  i n  vacuum of t he  components of t he  

a l loys  of t h e  inves t iga ted  sec t ion  a t  1200-1100°. 

homogenizing annealing a t  l l O O o  
1000°, 

A c e r t a i n  change i n  t h e  

3 

The a l loys  w e r e  s tudied by micros t ruc tura l  and p a r t l y  by x-ray and thermal 
analyses.  I n  addi t ion,  t h e  e l e c t r i c a l  r e s i s t i v i t y  and macro- and microhardness 
of t he  a l loys  were measured. 
water with i c e )  from 1100, 800 and 500' were subjected t o  t h e  micros t ruc tura l  
ana lys i s .  

Alloys i n  t h e  c a s t  s t a t e  and a f t e r  quenching ( i n  

59 
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Microstructural analysis of alloys of the section Ti2Al-Zr in the cast 

state showed that as in the case of alloys of the sections Ti6Al-Zr and Ti Al-Zr, 

solid solutions based on @-Ti and p-Zr crystallize from the liquid over the en- 
tire concentration range of the components at high temperatures. In cast alloys 
of the composition Ti Al and in alloys with 1 and 3 percent Zr, a coarse-grained 

polyhedral structure (of a-Ti type, fig. la) is observed. 
of alloys containing 5-30 and 80-97 percent Zr undergoes a martensite transforma- 
tion in the course of the cooling, whereas cast alloys with 40-70 percent Z r  re- 
tain the structure of the p solid solution. 

3 

2 

The f3 solid solution 

After quenching from llOOo, the polyhedral structure of the alloy of the 
composition Ti Al is retained in alloys containing up to 7 percent Zr. In the 

range of concentrations of 10-30 percent Zr, the alloys have the structure of 
a: + p solid solutions (fig. lb). 
with increasing zirconium content of the alloys. 
is a pure p solid solution. At l l O O o ,  the solid solution of the alloy with 
45.0 percent Zr undergoes a decomposition with the formation of finely dispersed 
precipitates of a second phase. The microhardness of this phase is considerably 
higher that that of the p solid solution, and it can therefore be assumed that 
this phase is a chemical compound. 

2 

The amount of the @ solid solution increases 
The alloy with 40 percent Zr 

The microstructure of alloys with 50-70 percent Zr is similar to the micro- 
structure shown in figure IC, although the precipitates of the second phase are 
still more finely dispersed. In alloys containing over 70 percent Zr, a mar- 
tensite decomposition of the @ solid solution is observed. It should be noted 
that the etchant used in this work (1 pt. HE', 1 pt. BNO3 and 1 pt. glycerin) 

satisfactorily reveals the phase components of the alloys of the investigated 
section, which contain up to 50-60 percent Zr. At a higher zirconium content, 
even on high dilution with glycerin and water, this etchant causes a marked 
etzhing of the surface of the polished sections, and this hinders the analysis 
of the alloys. 

At 800°, the structure of the solid solution of the alloy of the composi- 
tion Ti+ is preserved in alloys containing up to 3-6 percent Zr. 

with 7 percent Zr, there is observed a thickening of the grain boundaries; this 
is obviously due to the precipitation of the second phase. In the concentra- 
tion range of 10-70 percent Zr, the @ solid solution of the alloys undergoes a 
transformation which ends in a eutectoid decomposition. In the course of cool- 
ing from 1100 to 800°, the p solid solution of alloys containing rcspectively 
20 and 50 percent Zr decomposes with the formation of an additional quantity of 
the Q: phase. Grains of the @ solid solution which did not decompose during the 
polymorphic transformation subsequently undergo a decomposition according to 
the reaction p a + metallic compound (fig. Id and e). At a higher zirconium 
content, there is observed a separation of coarse grains of a phase (fig. If) 
whose microhardness HB = 500 (whereas the microhardness of the a phase AB = 312). 

In the alloy 
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Figure 1. 
a, c a s t  T i &  a l loy ;  b ,  a l l o y  with 30 percent Zr, quenching from llOOo; 

c, a l l o y  with 45 percent  Z r  quenching from llOOo; d,  a l l o y  with 20 per- 
cent Z r ,  quenching from 800 ; e, a l loy  with 50 percent  Zr, quenching from 
8000; f, alloy with 70 percent  Zr, quenching from 8 0 0 ~ ;  g, a l l o y  wi th  30 
percent Z r ,  quenching from 500'; h, a l l o y  with 50 percent  Zr, quenching 
from 500°; i, a l l o y  wi th  60 percent  Z r ,  quenching from 500°. 

Microstructure of a l loys  after various heat  treatments,  x 313: 

d 

I 
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Figure 1. (Concluded) 

This phase has the  same color  as the  phase which separated during t h e  decomposi- 
t i o n  of the  p so l id  so lu t ion  i n  a l loys  with 45-50 percent  Zr, and it may be as- 
sumed t h a t  they both cons is t  of the  same me ta l l i c  compound. 

Prolonged annealing of t he  a l loys  of t he  invest igated sec t ion  a t  500° 
caused a decrease i n  t h e  s o l u b i l i t y  of zirconium i n  the  s o l i d  so lu t ion  based 
on the  a l loy  corresponding t o  the  composition Ti$  t o  3-4 percent.  

by the  photomicrographs ( f i g .  l g ,  h and i), at  300' t he re  i s  observed an in-  
crease iil the  quant i ty  of  t h e  meta l l ic  compound as a r e s u l t  of decomposition of 
t h e  a phase; t h i s  i s  i n  agreement wi th  the  very low s o l u b i l i t y  of aluminum i n  
the  so l id  so lu t ion  based on a-Zr a t  t h i s  temperature. 

As  shown 

Some a l loys  with a c h a r a c t e r i s t i c  microstructure  quenched from 8000 and 
annealed a t  500' were subjected t o  x-ray ana lys i s .  
RKU-86 camera by t h e  powder method, wi th  copper Ka emission and t h e  use of a 

metal f i l t e r .  

The l a t t e r  w a s  done i n  an 

The a l l o y  powders were add i t iona l ly  annealed i n  quartz  ampules a t  8000 f o r  
50 hrs  and a t  500' f o r  100 hrs .  
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The x-ray powder pa t t e rns  of t h e  invest igated a l loys  quenched from 800° 
(fig.  2) show t h a t  the main phase cons t i tu t ing  the  a l loys  containing up t o  50 
percent  Z r  i s  a so l id  so lu t ion  based on a - T i  and a-Zr. 

According t o  the d a t a  of t h e  x-ray ana lys i s ,  the  a l loys  with 60 percent  Z r  
have a three-phase s t r u c t u r e  consis t ing of a + p + Zr3Al .  The presence of 

very f a i n t  individual  r e f l e c t i o n  l i n e s  which may be a t t r i b u t e d  t o  the  compound 
Zr5A13 ( 6  phase) i nd ica t e s  t he  formation of t h e  compound Z r  Al (y phase);  t h i s  

presence i s  j u s t  as evident as i n  the  binary system Zr-Al. 

3 

I n  a l loys  with 20, 50 and 83 percent  Z r ,  t he  meta l l ic  compound formed a l s o  
corresponds t o  the  composition Z r  Al. 

phase component i s  a s o l i d  so lu t ion  based on t h e  f3 modification of t i t an ium and 
zirconium. 

I n  the  a l l o y  with 85 percent Z r ,  t h e  main 3 

X-ray ana lys i s  of a l loys  with 45, 50 and 90 percent  Z r  annealed a t  500' 
showed t h a t  the @ so l id  so lu t ion  of these  a l loys  decomposed with the  formation 
of the a phase and of t he  compound Zr3Al .  

h 

a 

Figure 2. 

a f t e r  quenching from 8 0 0 ~ :  

Z r ;  e ,  a l l o y  with 50 percent  Z r ;  d, a l l o y  wi th  60 percent  Zr; e, a l l o y  
with 85 percent  Z r ;  1, a phase; 2, y phase; 3, p phase. 

X-ray powder pa t t e rns  of a l loys  of the  sec t ion  Ti2Al-Zr 

a, a l l o y  T i s ;  b ,  a l l o y  with 20 percent  



The diffuseness  of t h e  r e f l e c t i o n  l i n e s  on t h e  x-ray pa t t e rns  of these  
a l loys  ind ica tes  a c e r t a i n  lack  of equilibrium i n  t h i s  state, although t h e  x-ray 
pa t t e rns  do not show t h e  r e f l e c t i o n  l i n e s  of t h e  p s o l i d  so lu t ion .  X-ray anal-  
y s i s  of a l loys  wi th  45-60 percent  Z r  quenched from l l O O o  heretofore  has not  
permitted any d e f i n i t e  conclusion t o  be drawn concerning t h e  composition of t h e  
compound formed by t h e  decomposition of t he  p phase i n  t h e  temperature range of 
1000-llOOo. For t h i s  reason, and a l s o  because of t h e  i n s u f f i c i e n t l y  complete 
data of t he  thermal ana lys i s ,  t h e  polythermal c ross  sec t ion  of t h e  T i s - Z r  sec- 

t i o n  p lo t t ed  on t h e  bas i s  of t h e  d a t a  of micros t ruc tura l  and x-ray analyses ( f ig .  
3) i s  only t e n t a t i v e .  The transformations observed i n  t h e  a l loys  of t h i s  sec- 
t i o n  ind ica te  t h e  presence of a region of a three-phase equilibrium of a + p + 
Zr Al; t he  exis tence of t h i s  region i s  confirmed by t h e  r e s u l t s  of t he  thermal 
analysis  performed on a l loys  containing 10-70 percent  Zr. 
sis w a s  car r ied  out by d i f f e r e n t i a l  recording o f . h e a t i n g  curves with the  
Kurnakov pyrometer. 
evident from f igu re  3, t he  temperature of t h e  eu tec to id  transformation of t h e  
p phase decreases from 975 t o  780° as the  zirconium content of t h e  a l loys  in-  
creases from 10-70 percent .  

3 The thermal analy- 

The a l loys  were heated i n  a i r  up t o  l100-l150°. As i s  

It was impossible t o  obtain d a t a  on t h e  temperatures of t h e  phase t rans-  
formations of the component a l loys  containing over 70 percent  Zr because of the 
high rate of t h e i r  oxidat ion.  

Thermograms of the  invest igated a l loys  show t h a t  i n  t h e  range of 15-45 
percent Zr, the  highest  oxidation r a t e  begins a t  temperatures of 950-920°. 
t he  a l loy  containing 50 percent  Z r ,  it begins a t  755', and i n  the  a l l o y  with 
90 percent Zr, t h i s  temperature drops t o  600~. 

I n  

Let us  examine the  "composition-hardness" diagrams of t he  a l loys  of t h e  
Ti2Al-Zr sec t ion  a t  the  th ree  temperatures of t h e  heat  treatment ( f ig .  4).  The 

Zr, w t  percent  

Figure 3. Polythermal cross  sec t ion  of t h e  
sec t ion  T i e - Z r :  

ana lys i s ;  2, compositions of a l loys  s tudied.  

1, da ta  of thermal 
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Figure 4. 
after quenching: 1, at 11000; 2, at 8000; 3, at 500'. 

Hardness versus composition of alloys 

hardness of these alloys changes along curves having a maximum corresponding to 
30 percent Zr at a hardening temperature of llOOo and 30-40 percent Zr at 800 
and 500'. In the concentration range of 15-90 percent Zr, the alloys quenched 
from llOOo have hardness values that are 50-100 units higher than those of the 
alloys quenched from 800 and 500'; this is explained by the formation of mar- 
tensitelike structures of the metallic compound in the course of quenching 
from llOOo. 
the 
these alloys. The hardness values of alloys of this section at temperatures of 
800 and 500° lie approximately within the same limits, and the hardness in- 
creases slightly in the region of certain alloys owing to the formation of an 
additional quantity of the metallic compound. Measurements made on the elec- 
trical resistivity of the alloys of the Ti2Al-Zr section, the results of which 

are shown in the table, do not permit one to relate this property to the 
microstructure. 
electrical resistivity are displayed by the alloy of the composition Ti$, 

which is richest in aluminum. The introduction of up to 10 percent Zr slightly 
decreases the electrical resistivity of the alloys. A further increase in the 
zirconium content of the alloys causes a drop in resistivity, which reaches 
minimum values in the alloy with 90 percent Zr. Values of the specific gravity 
of the alloys of the Ti$-Zr section are also given in the table. 

The appearance of a substantial quantity of equilibrium grains of 
phase at 800 and 500° is associated with a decrease in the hardness of 

However, the data indicate that the maximum values of the 

The above investigation has shown that the chemical interaction of tita- 
nium, aluminum and zirconium in the alloys of the TiF-Zr section has a more 
complex course than in the alloys of the sections Ti6Al-Zr and Ti Al-Zr, in 

which it remains analogous to the interaction of titanium with zirconium. 
3 

An increase in the aluminum content of the alloys of the TiF-Zr system 

leads to the appearance of phase components characteristic of the binary sys- 
tem Zr-Al. 
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REXATIONSHCP OF STRUCTURES FORMED ON QUENCHING TITANIUM KLLtOYS 
TO EQUILIBRIUM PRASE DIAGRAMS 

B. A. Kolachev and V. A. Livano 

Recently, a number of published s tud ie s  ( r e f s .  1-4) have shown metastable 
phase diagrams of t i tanium a l loys  i l l u s t r a t i n g  s t ruc tu res  a r i s i n g  i n  the  a l loys  
a f t e r  quenching. These diagrams a re  p lo t t ed  i n  the  coordinates temperature of 
heat ing f o r  quenching versus concentration of a l loying elements. I n  p r inc ip l e ,  
metastable phase composition diagrams of t i tanium a l loys  can be e a s i l y  r e l a t e d  
t o  t h e i r  equilibrium phase diagrams i f  the  metastable p rope r t i e s  of t h e  p phase 
a r e  a l ready known. 

As an example, we s h a l l  examine the  phase diagram of t i t an ium wi th  a p 
s t a b i l i z e r  represented by a t r a n s i t i o n  element ( f i g .  1). I n  the  problem under 
considerat ion,  t o  a f i r s t  approximation, it i s  not important whether or not 
t he re  i s  a eu tec to id  transformation i n  t h e  system under study, s ince  i n  t i tanium 
systems with t r a n s i t i o n  elements, eutectoid transformations occur extremely 
slowly and do not have any appreciable e f f e c t  on the  s t r u c t u r e s  obtained on 
quenching. 

We s h a l l  assume f u r t h e r  t h a t  i n  a l loys  having a concentration of a l loy ing  
elements i n  t h e  p phase lower than the  c r i t i c a l  concentration (C,), t he re  takes  

p lace  during quenching a martensi te  transformation s t a r t i n g  a t  some temperature 

882 

TI ci cz 
@-s tab i l i ze r ,  percent  

Figure 1. 
of t i t an ium wi th  a t r a n s f t i o n  element. 

Schematic phase diagram of a l loys  



Ms which decreases with increasing content of t h e  a l loy ing  element ( f i g .  1). I n  

keeping wi th  t h e  general  p r inc ip l e s  of such transformations,  one can assume t h a t  
t he  martensite transformations i n  t i tanium a l loys  end a t  a ce r t a in  temperature 
Me which also decreases wi th  increasing content of t h e  @ s t a b i l i z e r ,  and which 

a t  a ce r t a in  concentration C1 reaches the  room temperature value (ref. 5 ) .  

I n  t h i s  case, on quenching from t h e  @ region in a l loys  with a concentrat ion 
of t he  al loying element less than C1, t h e  martensi te  t ransforba t ion  w i l l  go t o  

completion, and the  s t r u c t u r e  of such a l loys  i n  t h e  quenched state should be 
represented only by the  mar tens i t ic  a' phase. A t  a concentration of the  al loy-  
ing  elements from C 

ple t ion ,  and the  s t r u c t u r e  of a l loys  with such a concentration'of t h e  f3 stabi- 
l i z e r  after quenching from the  @ region 
af  and @. Fina l ly ,  if t h e  concentration of t h e  s t a b i l i z e r  exceeds the  
c r i t i c a l  value C2, only t h e  p phase w i l l  be f ixed  on quenching from t h e  @ region. 

t o  C2, t h e  martensi te  transformation does not go t o  com- 1 

w i l l  be represented by two phases: 

I n  the  two-phase a + @ region a t  temperatures below T1, t he  concentration 

of the  @ s t a b i l i z e r  i r  t h e  p phase i s  g r e a t e r  than the  c r i t i c a l  value, and f o r  
t h i s  reason it w i l l  not undergo a martensi te  t ransformation.on quenching. The 
s t ruc tu re  of a l loys  a f t e r  cooling from temperatures corresponding t o  t h i s  region 
of t he  phase diagram w i l l  be represented by a and @ phases. I n  the  temperature 
range from T1 t o  T2, t h e  concentration of t h e  @ s t a b i l i z e r  i n  the  p phase i n  

the  two-phase a + f3 region i s  below c r i t i c a l ,  and therefore  the  p phase changes 
i n t o  a phase of martensi te  type during quenching. 
formation i n  t h e  @ phase with a concentration of t he  p s t a b i l i z e r  from C1 t o  C2 

does not go t o  completion, the  f i n a l  s t ruc tu re  of t h e  quenched a l loys  w i l l  be 
represented by a, a' and @ phases. 
phase a + @ region above temperature IT2, t h e  concentration of t he  @ s t a b i l i z e r  

i n  the  p phase is  less than C1, and therefore  t h e  @ transformation goes t o  

completion, as a r e s u l t  of which t h e  f i n a l  s t r u c t u r e  w i l l  be represented by t h e  
a and a' phases. Naturally,  when low a l loys  are heated f o r  quenching up t o  
temperatures corresponding t o  the  a region, t he  s t r u c t u r e  of these  a l loys a f t e r  
quenching w i l l  be represented only by t h e  a phase. 

Since t h e  martensi te  t rans-  

During heat ing f o r  quenching up t o  the  two- 

A s  w a s  shown by t h e  work of N. V. Ageyev ( r e f .  1-4), it may be considered 
a f i rmly establ ished f a c t  t h a t  i n  the  majori ty  of binary a l loys  of t i tanium with 
t r a n s i t i o n  elements, .'if t h e  temperature of t h e  heating f o r  quenching i s  high 
enough, t h e  w phase separates  on quenching from t h e  @ phase. The metastable 
diagram of the  phase composition of t h e  t i tanium a l loys  after quenching can then 
be represented by t h e  diagram shown i n  f igu re  2. 
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Figure 2. 
composition of high-puri ty  t i tanium a l loys .  

Schematic metastable diagram of t h e  phase 

I n  a l loys  of technical-grade pur i ty ,  owing t20 t h e  presence of impuri t ies ,  
the  l i n e s  of t he  phase diagram which bound the  two-phase region do not con- 
verge a t  one po in t ,  and t h e  metastable diagrams of t he  phase composition of 
t i tanium a l loys  can then be described by the  diagram shown i n  f i g u r e  3a. The 
region of decomposition of t he  B phase with the  p r e c i p i t a t i o n  of t h e  UI phase 
can be wedged i n t o  the  + a' + @ region or even i n t o  t h e  a + @ region of the 
metastable diagram, and t h e  l a t t e r  then assumes the  form i l l u s t r a t e d  i n  f igu res  
3b and e, respect ively.  

It i s  i n t e r e s t i n g  t o  note t h a t  i n  t h e  i l l u s t r a t e d  metastable diagram of 
t i tanium a l loys ,  regions which d i f f e r  i n  phase composition by only one phase 
border on one another d i r e c t l y .  The only exception i s  t h e  boundary between t h e  
a and a' + a + B regions,  which separa tes  regions d i f f e r i n g  by two phases. This 
exception i s  obviously due t o  the  f a c t  t h a t  the  a: region of f i g u r e  2 and 3 i s  
e s s e n t i a l l y  a region of an equilibrium phase diagram and not a metastable region. 

Apparently, t h e  l a w  of adjacent  s t a t e  spaces operating i n  equilibrium SYS- 
tems, by which "only s t a t e  spaces which i?:i?f'?r by one phase" ( r e f .  6 ,  p .  39 ) 
border d i r e c t l y  on one another i n  t h e  S~STS:::, can be extended t o  metastable dia-  
grams as wel l .  However, t h i s  l a w  should iiot be applied t o  metastable diagrams 
without c e r t a i n  qua l i f i ca t ions .  Thus, f o r  example, t he  law of adjacent s t a t e  
spaces w i l l  not be obeyed if any high-temperature phase changes i n t o  two metast- 
able  phases on quenching. 

I n  order  t o  compare the  diagrams proposed above with t h e  published metast- 
ab le  phase-composition diagrams p l o t t e d  experimentally, metastable diagrams f o r  
a l loys  of t he  system Ti-Fe ( f i g .  4) and T i - N i  ( f i g .  5 ) ,  p lo t t ed  from t h e  da t a  
of references 2 and 3, a r e  i l l u s t r a t e d .  
diagrams unquestionably confirm t h e  proposed diagrams. A t  t h e  same t i m e ,  t he  
t h e o r e t i c a l  diagrams permit a more accurate in t e rp re t a t ion  of t h e  experimental 
data .  Thus, f o r  example, t h e  l i n e  separat ing the a + a' and as + a + B regions 
from the  a' and as + p regions ( f ig .  4) should be somewhat inc l ined  toward the  

These experimentally p lo t t ed  metastable 
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Figure 3. Schematic metastable diagram of the  phase composition 
of t i tanium a l loys  of technical-grade pu r i ty .  
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Figure 4. Metastable diagram of the  
phase composition of a l loys  of the  phase composition of a l loys  of t h e  
system Ti-Fe. system T i - N i .  

Figure 5. Metastable diagram of t he  

axis of abscissas ,  while the  l i n e  separat ing the  a' + p region from the  a' + 
p + a region ( f i g .  5 )  should be drawn as shown by the  broken l i n e .  

Not a l l  of the  published metastable diagrams of t i tanium a l loys  agree so 
wel l  with the  proposed diagrams as those shown i n  f igu res  4 and 5. 
crepancies may be caused by the  following: 

These d i s -  

1. Some phase region of the  metastable diagram may be so small  t h a t  a t  
the chosen concentrations of the  a l loy ing  elements and temperatures it could not 
be detected.  



2. The holding time during heating for quenching was insufficient f o r  the 
establishment of the phase equilibrium corresponding to the selected temperature 
of the heating f o r  quenching. 

3. In any specific system, the behavior of the (3 phase on quenching may 
differ from the behavior taken as the basis for the proposed diagrams, and 
the latter should then be revised in accordance with the altered basic assump- 
t ions. 

Summary 

1. On the basis of the equilibrium phase diagrams of alloys of titanium 
with transition elements and transformations occurring in these al loys on 
quenching, schematic metastable phase composition diagrams have been plotted. 

2. The proposed sketches of metastable diagrams are in satisfactory 
agreement with the published experimentally plotted diagrams. 

3 .  The theoretical metastable diagrams permit a more accurate interpreta- 
tion of the experimental data. 
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STABILITY O F  19 ALLOYS OF THE SYSTEM Ti-Mo-Cr-Fe-AI. 

N. V. Ageyev, S. G. Glazunov, L. A. Petrova, 
G. N. Tarasenko and L. P. Grankova 

A study of t he  s t a b i l i t y  of heating of t h e  metastable f3 s o l i d  so lu t ion  of 
t i tanium a l loys  wi th  a r e l a t i v e l y  constant c r i t i c a l  content of t h e  a l loy ing  
agent (6-9 percent )  has shown t h a t  t he  most s t a b l e  binary f3 a l loys  a re  a l loys  
of t i tanium with rhenium, nickel ,  molybdenum and tungsten ( r e f .  1). 
i s  taken containing 6 a t .  percent  Fe, i .e.,  w i th  an i r o n  content exceeding t h e  
c r i t i c a l  value necessary for t h e  s t a b i l i t y  of t h e  f3 phase i n  t h e  Ti-Fe a l loy ,  
t he  s t a b i l i t y  of t h e  f3 s o l i d  so lu t ion  of t h i s  a l l o y  w i l l  be equivalent  t o  t h a t  
of the f3 so l id  so lu t ion  of t h e  a l l o y  of t i t an ium with t h e  c r i t i c a l  content of 
n icke l  (6.3 a t .  percent  N i ) .  

If an a l l o y  

These da ta  as w e l l  as da ta  on o the r  t i t an ium a l loys  (ref. 1) have l e d  t o  
the conclusion t h a t  an increase  i n  t h e  concentrat ion of t h e  a l loy ing  agent 
causes an increase i n  s tab i l i ty  which is  g r e a t e r  t h e  higher  t h e  content of t h e  
a l loy ing  agent. It should be borne i n  mind, however, t h a t  an increase  i n  the 
content of t h e  a l loy ing  agent a f f e c t s  t he  increase  i n  s t a b i l i t y  up t o  a c e r t a i n  
l i m i t  above which the  s tabi l i ty  remains the  same as i n  a l loys  wi th  a lower 
content of t he  a l loy ing  agent. 

If the  increase i n  t h e  concentration of t h e  al loying agents promoted not 
only an increase i n  s t a b i l i t y  but a l s o  an improvement i n  mechanical character-  
i s t i c s ,  it would be poss ib le  t o  develop a l loys  with a high content of a l loy ing  
elements desp i te  t he  r i s e  i n  t h e  dens i ty  of t h e  a l loy .  It i s  known, however, 
t h a t  over t he  e n t i r e  range of poss ib le  concentrations of t h e  al loying elements, 
binary t i tanium a l loys  do not exh ib i t  high mechanical c h a r a c t e r i s t i c s ,  with 
the  exception of the system Ti-Mo, i n  which it i s  poss ib le  t o  obtain ob = 91.7 

kg/mm' a t  6 = 16 percent ,  but  whose dens i ty  i s  20 percent  higher  than t h a t  of 
pure t i tanium (ref. 2). 

A t  t he  present  t i m e ,  major a t t e n t i o n  i s  concentrated i n  t h e  development of 
new t i tanium a l loy3  on multicomponent a l loys  with a metastable f3 s t r u c t u r e  which 
combine a high technological  p l a s t i c i t y  i n  the  hardened state, necessary f o r  t he  
manufacture of in t r ica te -shape  p a r t s ,  with a high s t rength  af ter  aging (ref. 3) .  

On t h e  b a s i s  of what w a s  s t a t e d  above concerning the  e f f e c t  of a l loy ing  
elements on the  s t a b i l i t y  of t i tanium a l loys ,  and also on t h e  b a s i s  of 
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l i t e r a t u r e  d a t a  on t h e  influence of these  elements on t h e  various p rope r t i e s  of 
t he  a l loys ,  which w i l l  be discussed below, w e  se lec ted  t h e  system Ti-Mo-Fe-Cr-Al 
f o r  our inves t iga t ion .  

The purpose of t he  work, on t h e  one hand, w a s  a s tudy of t he  s t a b i l i t y  on 
heat ing of the  metastable p phase and, on t h e  o ther  hand, a study of t h e  decom- 
p o s i t i o n  and t h e  s e l e c t i o n  of a l loys  f o r  a more de t a i l ed  inves t iga t ion .  

It is  known t h a t  molybdenum not  only improves t h e  mechanical p rope r t i e s  of 
t i tanium a l loys ,  but has a des i r ab le  e f f e c t  on t h e  s t a b i l i t y  of t he  f3 phase, and 
hence on the  thermal s t a b i l i t y .  I r o n  increases  the  s t r eng th  of t i tanium a l loys ,  
but decreases the  thermal s t a b i l i t y  somewhat. Chromium increases  the  s t r eng th  
and heat  r e s i s t ance  of t i t an ium a l loys  (ref. 4) ,  increases  t h e  c a l c i n a b i l i t y  
(ref. 3 ) ,  and owing t o  t h e  high rate of decomposition of t h e  phase ( the  a l l o y  
of t i tanium wi th  the  c r i t i c a l  content of 8.48 at .  percent  chromium decomposes 
a t  room temperature i n  50 days (ref. l)), makes it poss ib le  t o  obta in  the  desired 
p rope r t i e s  wi th  a s h o r t e r  holding t i m e  during aging, a f e a t u r e  important i n  
p rac t i ce .  Although aluminum i s  an a s t a b i l i z e r ,  when present  i n  s m a l l  amounts 
(1.5-4 w t .  percent )  i n  t i tanium a l loys ,  it a c t s  l i k e  p s t a b i l i z e r s  and decreases 
the  c r i t i c a l  concentrat ion of elements which i s  required f o r  t h e  s t a b i l i z a t i o n  
of t he  p s o l i d  solut ion.  By depressing the  formation of metastable phases dur- 
ing the  hea t  treatment,  aluminum increases  the  thermal s t a b i l i t y  and decreases 
t h e  b r i t t l e n e s s  of the a l loy .  The combined presence of aluminum and chromium 
has a des i r ab le  e f f e c t  on the  hea t  r e s i s t ance  of t i tanium a l loys  and on the  in-  
crease i n  thermal s t a b i l i t y .  

Since t h e  p phase can be obtained i n  the  metastable s t a t e  i n  t i t an ium a l loys  
a t  an e lec t ron  concentration of 4.20 el/atom (ref. 5), t h e  compositions of the 
a l loys  of t he  system Ti-Mo-Cr-Fe-Al were chosen ( t a b l e  1) SO t h a t  they would be 
quenched i n t o  a @ so l id  so lu t ion .  

The a l loys  were prepared from sponge E O 0  (0.03 percent  Fe; 0.03 percent  

2 Si ;  0.05 percent  C; 0.028 percent  N; HV = 121 kg/mm ; ob = 37.9 kg/mm2; 6 = 

47.8 percent ,  $ = 80.5 percent )  from t h e  master a l loy  Al-Mo (29.8 percent  Al; 
70.6 percent  Mo; 0.05 percent  S i ;  0.08 percent  Fe); AVO00 aluminum, KhO chromium, 
and armco i ron  i n  an a r c  furnace by the  double remelting method. After  t h e  re-  
melting, ingots  weighing 400 g were turned on a l a t h e  and forged i n t o  rods 15 
mm i n  diameter and squares 13 x 15 mm. The ingots  were heated f o r  forg ing  i n  
an e l e c t r i c  furnace a t  1 0 0 0 - l l O O o  f o r  15 min wi th  subsequent intermediate  heat-  
ing  f o r  2-3 min. 

After forging, t h e  ingots  were turned on a mi l l ing  machine and cu t  i n t o  
specimens f o r  studying the  microstructure,  x-ray photographing of t h e  polished 
sec t ions ,  and hardness measurements, and i n t o  microspecimens f o r  t e n s i l e  test-  
ing ( length  1 = 25 mm; diameter of t h e  working Eart  d = 1.5 mm; s i z e  of head 

5 x 5 m2), and impact (1 = 40 mm; a = 5 mm). 

73 



TABLE 1. COMPOSITION OF ALLOYS OF THE SYSTEM Ti-Mo-Cr-Fe-Al 
( I N  w t  PERCENT). 

I 
3 3 83 2,13 9,07 2 ,8  2,7 0,025 
4 3 83 2,16 6,2 4,O 3 , l  
7 3 83 2 ,2  5 , 2  G,G8 2,81 0,036 
8 3 83 2 ,2  3,76 7,35 3,15 0,025 

0,086 
0, OOGl 

0,05 0,024 
0 , 076 

6 

PI 
1 2  9 
2 2  8 
3 2  5 
4 2  4 

7 
8 
9 
10 

0,042 

0,025 

8 
7 
6 
495 
5 
3,5 

0,082/0,01 

0,0045 0,047 

0,0070 0,057 

11 1 4 I 7,5 

3,0 
3,15 
2,83 
3,17 
3,O 
3,24 

8,SO I 2,SO 2,90 
7,23 4,20 3,14 
5,22 5, fO 2,95 
3, lO 5,20 3,OO 
5,O G,O 3,O 
3,5 8 ,5  2,89 

83 
83 
83 
82,5 
83 
82,5 

3 3 82,5 4,20 5,90 3,05 3,13 
5 3 82,5 4,20 6,90 5,15 2,95 
6 3 82,5 4,20 4,65 5,90 3,Oi 
7 3 82,5 4,06 5,22 7,Ol 2,95 

0,036 0,039 
0,036 0,033 
0,042 0,026 
0,236 0,076 

I 
I 15 5 6,5 3 3 82,5 4,80 9,40 3,Oi 2,96 0,025 

16 5 5,5 4 3 82,5 4,88 5,65 5,02 3,OO 
17 6 4,0 5 3 82 5,IO 4,08 4,90 3,13 0,042 
18 7 5,5 3 3 81,5 5,80 5,35 3,29 2,6 
19 6 5 4 3 82 6, lO 3,G9 4,05 3,Ol 0,025 

I I 
0,093 0,027 
0,127 0,0054 
0,097 I 10.038 

3 81,5 
3 81,5 

22 8 1 4  3 81,O 

The a l loys  were s tudied by metallographic and x-ray analyses.  The hardness 
was measured with a Vickers instrument wi th  a 10  kg load. The mechanical prop- 
e r t i e s  (ob, 6 and aB) were determined a t  room temperature. 

were taken from a polished sec t ion  i n  CuK a r ad ia t ion  wi th  a n icke l  f i l t e r  i n  
an RKU evacuated camera, and t h e  heat treatment of the a l loys  was ca r r i ed  out  

i n  sealed quartz  and molybdenum ampules preevacuated t o  10-4 mm Rg. 
t h e  a l loys ,  t he  ampules were crushed d i r e c t l y  i n  water. 

The x-ray p a t t e r n s  

To quench 

7,15 4,F 4,O ' 3,Ol 0,034 0,031 
7,20 3,55 4,83 3,20 0,109~0,0087~ 
7,80 4, lO 3,94 3,18 

I n  order  t o  determine t h e  quenching temperature from which the  metastable p 
phase I s  frozen, t h e  alloy specimens (d = 10 mm, h = 5 mm and abh = 10.10.5 mm) 

74 



were quenched Alloys with a high content of 
a l loy ing  agents were quenched from 800°, but f o r  t h e  most p a r t  t h e  a l loys  were 
quenched from 8500. 
were quenched from t h e  same temperature a t  8 5 0 ~ .  

from 750, 800 and 850° i n  water. 

To compare t h e  behavior of t he  a l loys  during aging, they 

The hypothesis t h a t  t h e  se lec ted  a l loys  wi th  an e l ec t ron  concentrat ion of 
4.20 el/atom should have a metastable p phase on cooling i n  water w a s  confirmed 
by metallographical and x-ray phase ana lys i s  which showed t h a t  t he  a l loys  of 
t h e  compositions indicated i n  t a b l e  1 had a metastable p s t r u c t u r e  a f t e r  quench- 
ing from 8 5 0 ~ .  Their  s t r u c t u r e  d i f f e red  i n  g ra in  s i z e  only ( f i g .  l a  and b ) .  

Al l  t h e  a l loys  with the  metastable f3 s t r u c t u r e  were tempered a t  100, 200, 
300, 350, 400, 430 and 500’ f o r  1-100 hrs ,  and i n  some cases f o r  up t o  169 hrs .  
The dependence of t h e  hardness of t h e  a l loys  on t h e  aging temperature and on 
the  holding time i s  i l l u s t r a t e d  graphica l ly  ( f i g s .  2-6). 

For convenience, these  a l loys  were divided i n t o  f i v e  s e r i e s  depending upon 
t h e  molybdenum content.  The aluminum content i n  a l l  t h e  a l loys  w a s  3 percent.  

I n  t h e  a l loys  of t he  f i r s t  s e r i e s  (with 2 percent  Mo), t h e  amount of i ron  
increased from 2.8 t o  7.35 percent  and the  amount of chromium decreased from 
9.07 t o  3.76 percent  from a l l o y  1 t o  a l l o y  4. 

The hardness of a l loys  2, 3 and 4 does not change during heat ing t o  200’ 
i n  t he  course of 100 h r ,  whereas i n  a l l o y  1 it increases  a f t e r  9 hrs .  The con- 
s t a n t  hardness of a l loys  2, 3 and 4 i nd ica t e s  the  s t a b i l i t y  of t h e  p so l id  
so lu t ion  a t  t h i s  temperature. A proof of t h e  s t a b i l i t y  of t h e  f3 s o l i d  so lu t ion  
i n  t h i s  case i s  the  presence of only the  l i n e s  of t he  f3 so l id  solutFon on t h e  
x-ray pa t t e rns  of these  a l loys .  The x-ray p a t t e r n  of a l l o y  1, tempered f o r  

b 

Figure 1. Microstructure of a l loys  
of t he  system Ti-Mo-Cr-Fe-Al quenched 
i n  water from 850°, x 120: 
15; b y  alloy 18. 

a, a l l o y  
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Figure 2. 
holding time: a, a l loy  1; b ,  a l l oy  2; e ,  a l loy  3; d ,  a l l o y  4. 
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9-100 hrs  a t  200°, shows the  w phase, which i s  responsible  f o r  t he  increase  
i n  the  hardness of a l l o y  1 under t h e  same aging conditions.  

An inspect ion of the  curves of t h e  hardness of t h e  a l loys  subjected t o  
aging a t  higher  temperatures leads  t o  t h e  conclusion t h a t  the higher  t h e  chro- 
mium content and t h e  lower the  i r o n  content of t h e  al loy,  t he  f a s t e r  i s  t h e  
decomposition of the  p s o l i d  so lu t ion  and the increase  i n  hardness (see f i g .  2a, 
b, c and a ) .  I n  t h e  case of aging a t  350-500°, t h e  f3 so l id  so lu t ion  of a l loys  
1 and 2, containing up t o  4 percent  Fe, decomposes a t  once, and t h a t  of a l loys  
3 and 4 (-7 percent  Fe),  af ter  some t i m e ,  so t h a t  t he  hardness curves of these  
a l loys  are a l s o  sh i f t ed  t o  t h e  r i g h t .  I n  a l l  a l loys  except a l l o y  1 aged a t  
350-400°, and i n  a l l  a l loys  aged a t  400-500°, a gradual decomposition of t h e  
p so l id  so lu t ion  and hence a gradual  increase i n  hardness are observed. The 
hardness of a l l o y  1 decreases during aging f o r  1-9 hrs ,  and increases  again as  
the  aging t i m e  i s  ra i sed  t o  49 h r s .  This shape of t he  hardness curves i s  ex- 
plained by the  f a c t  t h a t  on aging i n  t h e  temperature range of 350-400° f o r  1 
hr ,  a l l o y  1 decomposes not wi th  t h e  separat ion of t he  a phase, as i n  t h e  case 
of a l l  t he  a l loys ,  but  w phase, which, as the  durat ion of t h e  aging increases ,  
changes i n t o  the  a phase, as  a r e s u l t  of which t h e  hardness of t h e  a l l o y  in-  
creases  again a f t e r  16 hrs .  

, 

The high i ron  content of a l l o y  4 as compared t o  a l loys  1, 2 and 3 promotes 
an increase i n  the  s t a b i l i t y  of t h i s  a l loy  on aging. 
twice as much i r o n  (7.35 percent )  a s  chromium (3.76 percent ) ,  decomposes a t  an 
aging temperature of 350-400° a f t e r  25 h r s ,  and a t  an aging temperature of 450- 
500° a f t e r  1 hr .  

Alloy 4, which contains 

The decreased hardness of t h i s  a l loy  a t  an aging temperature of 350-400° 
and even 4500 i n  the  course of 100 h r s  as compared t o  i t s  hardness a t  an aging 
temperature of 5000 f o r  t h e  same period of t i m e  i s  probably a r e s u l t  of t he  
slower decomposition of the  B so l id  so lu t ion  of the  a l loy  a t  an aging tempera- 
t u r e  of 350-450° than a t  500°. 
aging temperature of 500° o r  even a higher  value,  a longer holding time than 
100 hrs  i s  necessary during aging a t  350-450°. 

I n  order  t o  reach t h e  hardness obtained a t  an 

From an ana lys i s  of t he  hardness curves of t he  a l loys  of t h e  f i rs t  s e r i e s  
(containing 2 percent  Mo) it f o l l o w s t h a t  a l l  a l loys  with the  exception of a l loy  
4 p r a c t i c a l l y  reached a s t a b l e  value of t h e  hardness a f t e r  36 h r s  of holding 
time. O f  t he  alloys i n  t h i s  s e r i e s ,  t h e  one deserving most a t t e n t i o n  i s  a l loy  
3, which has the  lowest s c a t t e r  of s t a b l e  hardness. 

Let us examine the  change i n  t h e  hardness of a l loys  of t he  second s e r i e s ,  
containing 3 percent  Mo and various quan t i t i e s  of i r o n  and chromium. The 
amount of i ron  increases  from 2.8 t o  8.5 percent  from a l l o y  5 t o  a l l o y  10, and 
the  amount of chromium decreases from 8.8 t o  3.5 percent.  The hardness of a l l  
the invest igated a l loys  during aging a t  200° f o r  100 h r s  remains p r a c t i c a l l y  
unchanged (see f i g .  3a, b,  c, d and e ) ,  ind ica t ing  t h e  s t a b i l i t y  of t h e  a l loys  
under these  conditions.  The da ta  on t h e  hardness a re  supported by microstruc- 
t u r a l  and x-ray analyses,  which ind ica t e  the  presence of t h e  B so l id  so lu t ion  
alone. On heating t o  higher  temperatures (300° and h igher ) ,  t h e  B s o l i d  solu- 
t i o n  of t h e  a l loys  decomposes, and hence t h e  hardness increases .  
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holding t i m e ,  h r  
Figure 3. Hardness of a l loys  of t h e  second series versus 
aging temperature and holding t i m e :  a, a l l o y  5 ;  b, a l l o y  
6; e ,  a l l o y  7; d, a l l o y  8; e, a l l o y  9; f, a l l o y  10. 

An increase i n  t h e  content of i r o n  and a decrease i n  t h e  content of chro- 
mium i n  the  a l l o y s  of t h i s  s e r i e s  as we l l  as i n  the  a l l o y s  of t h e  preceding 
series raises t h e  s t a b i l i t y  of t h e  p s o l i d  so lu t ion  somewhat. I n  a l l o y s  10, 
8 and 9, t he  hardness a t  an aging temperature of 300-350° remains p r a c t i c a l l y  
unchanged a t  holding times of 4, 9 and 16 hrs ,  respect ively,  i n  con t r a s t  t o  
a l loys  5, 6 and 7, i n  which t h e  change i n  hardness becomes i n s i g n i f i c a n t  1 h r  
a f t e r  heating. 
content of the  a l l o y s  a l s o  promote a g r e a t  maximum hardness on aging. Thus, i n  

An increase i n  t h e  i r o n  content and decrease i n  t h e  chromium 
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Figure 4. 
holding time: a, a l loy  11; b ,  a l loy 12; c,  a l loy 13; d, a l loy 14. 
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t h e  range of 500-350°, t h e  hardness of a l l o y  5 i s  equal t o  450-500 kg/mm2, and 

t h a t  of a l l o y  7, 490 and 530 kg/mm2 a t  500 and 450°, respect ively.  A t  350 and 

400°, t he  hardness of a>loy 7, having reached -520 kg/mm2, continues t o  increase.  
However, a l loy  8, which contains the  same amount of i ron  as a l l o y  7 but 2.12 
percent less chromium, and a l l o y  10, which contains t h e  l a r g e s t  amount of i ron  
of a l l  the  a l loys  i n  t h e  second series, do not d i f f e r  i n  maximum hardness from 
a l l o y  5 ,  which has the  lowest i ron  content (2.8 percent ) .  Furthermore, i n  a l loys  
8 and 10, on heating t o  500°, t he  hardness, having reached a maximum value up t o  
9 hours, does not remain constant as i n  t h e  case of a l loys  5 ,  6, 7 and 9,  and 
decreases. 

The da ta  obtained lead t o  t h e  assumption t h a t  i n  a l loys  with 3 percent  Mo, 
i ron  does not have a des i r ab le  e f f e c t  i f  i t s  amount exceeds 4 percent.  I n  
a l loys  containing 3-4 percent  Fe, there  should be 1.5-2 times as much chromium, 
and i n  a l loys  with 5 percent  Fe, t he  chromium content should be no less than 5 
percent ,  s ince  t h i s  has an adverse e f f e c t  on the  s t a b i l i t y  of t h e  p rope r t i e s  
( f ig .  3d and f )  . 
5 percent Fe and Cr each and are aged a t  500°, i s  stable, whereas it decreases 
i n  a l l o y  8. 

The hardness of a l loys  7 and 9, which contain approximately 

The decomposition of the  p s o l i d  so lu t ion  of a l loys  5, 6 and 7 during aging 
a t  350-500°, of a l l o y  8 a t  400-500°, and of a l loys  9 and 10 a t  450-500° begins 
immediately a f t e r  a holding t i m e  of one hour and proceeds with t h e  p r e c i p i t a t i o n  
of the  a phase without the formation of t h e  intermediate w phase. The a phase 
which p r e c i p i t a t e s  i n  t h e  course of t he  aging process,  even a t  a r e l a t i v e l y  
high temperature and a long holding t i m e ,  w a s  observed i n  the  form of very 
f i n e l y  dispersed p a r t i c l e s ( f i g .  7) .  X-ray phase ana lys i s  of these  a l loys  con- 
firmed the  presence of t he  a phase ( f i g .  8a). On heat ing t o  300°, a l loys  8, 9 
and 10 decompose with the  p rec ip i t a t ion  of t he  w phase, which e x i s t s  f o r  an- 
o ther  100 hours ( f i g .  8 b ) .  

Analyzing the da t a  on a l loys  7-10, one can assume t h a t  a l l o y  5 with an 
equal content of molybdeny, i ron  and aluminum (-3 percent)  and with the  highest  
content of chromium (-9 percent )  i s  of g r e a t e s t  i n t e r e s t  f o r  a de ta i led  inves t i -  
gat ion,  owing t o  t h e  highest  rate of decomposition of t h e  p solid so lu t ion ,  and 
t o  the  establishment of a s t a b l e  hardness a t  a l l  aging temperatures i n  36 hours. 

L e t  u s  examine the  curves represent ing the  va r i a t ion  i n  the  hardness of t he  
a l loys  of t he  t h i r d  s e r i e s ,  containing 4 percent  Mo and various quan t i t i e s  of 
i ron  and chromium (see f i g .  4a, b, e, d and e ) .  Alloy 11 (5.9 percent Cr and 
3.05 percent Fe) decomposes p r a c t i c a l l y  a t  once a t  a l l  aging temperatures ex- 
cept 200°, at  which it i s  s t a b l e  f o r  16 hours. Alloy 13 (4.65 percent  Cr and 
5.9 percent Fe) i s  stable a t  temperatures of 200 and 300° Tor 100 hours and a t  
temperatures of 400 and 500' f o r  4 hours. 

An increase i n  the  hardness of alloy 13 a t  an aging temperature of 300° i n  
9 hours i s  probably due t o  a ce r t a in  enrichment of t he  p so l id  so lu t ion  with 
t h e  al loying elements during the period preceding the  separat ion of t h e  decom- 
pos i t i on  products. 
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Hardness of a l loys  of t h e  fou r th  s e r i e s  versus aging temperature 
a, a l l o y  15; b, a l loy  16; c, a l l o y  17; d, a l l o y  18; e, 

a l l o y  19. 

When a l loys  11, 13 and 1 4  a re  aged from 500' a f t e r  t h e  hardness maximum 

The dec l ine  i n  hardness i n  

has been reached, a dec l ine  i n  hardness i s  observed; i n  a l loy  11 (with the  
smallest i ron  content) ,  t he  hardness decreases i n  9 hours, and i n  a l l o y  13, 
containing 2.85 percent  more i ron ,  i n  16 
a l loys  11 and 13 a t  500° i s  apparently related t o  an i n s u f f i c i e n t  quan t i ty  of  
chromium. Like a l loys  5 and 7, a l loys  11 and 13, which contain approximately 
t h e  same amount of i ron ,  have a s t a b l e  hardness on heating a t  500° i f  no less 
than 7 and 5 percent  chromium i s  present  i n  the  a l loys .  

hours. 
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Figure 6. Hardness of a l loys  of the  f i f t h  s e r i e s  
versus aging temperature and holding time: a, a l loy 
20; b, a l l o y  21; e,  a l l oy  22. 

1, { 

Alloy 1 2  (6.9 percent Cr and 1.15 percent  Fe) i s  s t a b l e  a t  200° f o r  100 
hrs ,  but decomposes i n  1 , h r  when heated a t  450 and 500°, i n  4 h r s  a t  4000, and 
i n  9 hrs  a t  300°, i n  cont ras t  
i ron  but i s  l e s s  s t ab le .  

t o  a l l o y  1.3, which contains a l a r g e r  amount of 

Alloy 14  (5.22 percent Cr and 7.01 percent Fe) i s  somewhat more s t a b l e  
than a l l o y  11, but l e s s  s t a b l e  than a l l o y  13. 
decomposes e s s e n t i a l l y  l i k e  a l l o y  14, but t he  l a t t e r  on heat ing a t  300° decom- 
poses with the  p rec ip i t a t ion  of the  intermediate a phase, which i s  s t a b l e  f o r  

On heat ing a t  300-450°, a l l o y  1 2  
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Figure 7. 
1 hour i n  water and aged under t h e  following conditions:  
1 hr, x 340; b,  a l l o y  5, 450°, 1 hr, x 1350; e ,  a l l oy  5, 400°, 100 hrs,  x 
1350; d,  a l l oy  7 
f ,  alloy 10, 450 , 100 hrs, x 1350. 

Microstructure of a l loys  of the  second s e r i e s  quenched from 850° 
a, a l l o y  5, 350°, 

400°, 100 h r s ,  x 1350; e ,  a l l oy  10, 400°, 100 h r s ,  x 1350; 6 
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Figure 8. 
850' f o r  1 h r  i n  w a t e r  and aged under the  following conditions:  
a, a l l o y  7, 350°, 100 hrs ,  B + a phase; b, a l l o y  10, 300°, 100 
hrs ,  f3 + w phase. 

X-ray powder pa t t e rns  of s e r i e s  11, quenched from 

another 100 hrs  ( f ig .  91, but not with the p r e c i p i t a t i o n  of the w phase. 
I n  cont ras t  t o  a l l o y  1 4  and o the r  a l loys  of t h i s  series, a l l o y  1 2  r e t a i n s  t h e  
maximum hardness when heated at'500° f o r  9-100 hrs .  

A study of a l loys  12 and 13, i n  one of which t h e  hardness i s  s t a b l e  on 
heating a t  500' f o r  100 hrs ,  and i n  the  o the r  of which it i s  50 kg/mm2 below 
the  maximum value, d id  not  show any appreciable difference i n  microstructure  
( f i g .  10). 

Considering the  a l loys  of t h e  t h i r d  s e r i e s  (with 4 percent Mo), one can 
state as w a s  done i n  connection with the  ana lys i s  of a l loys  of t he  second s e r i e s  
(3 percent  Mo), t h a t  i f  i r o n  i s  present  i n  amounts g r e a t e r  than 5 percent,  it 
does not d i sp lay  any des i rab le  e f f e c t .  However, a s  before, it should b e  borne 
i n  mind t h a t  i n  order  t o  acquire a s t a b l e  hardness a t  an aging temperature of 
500°, an a l l o y  containing 4 percent  Mo and 5 percent  Fe should contain 5 per- 
cent C r .  An example i s  a l l o y  12, which w a s  se lec ted  for a f u r t h e r  invest iga-  
t i on .  

Alloys 15, 16 and 17, which belong t o  the  fou r th  s e r i e s  (see f i g .  5a, b 

This same s e r i e s  includes a l loys  18 and 19 (see f i g .  5d and e ) ,  
and e )  contain approximately 5 percent Mo each and various amounts of chromium 
and i ron.  
which contain approximately the  same amount of chromium and i ron  as does a l l o y  
17, but which d i f f e r  from t h e  l a t t e r  i n  t h a t  they contain approximately 1 per- 
cent  more molybdenum. 

A s  was already noted i n  the  case of a l l o y  5 (8.8 percent  Cr and 2.8 per- 
cent  Fe),  a l l o y  13 (9.4 percent  C r  and 3.04 percent  Fe) ,  which contains t h e  
g r e a t e s t  amount of chromium and the  smallest amount of i r o n  i n  t h e  s e r i e s  of 
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Figure 9. 
from 8500 f o r  1 h r  i n  water and aged a t  300° for 100 hrs :  a, a l l o y  
12, f3 + a phase; b y  a l l o y  14, f3 + w phase. 

X-ray powder pa t t e rns  of a l loys  of s e r i e s  I11 quenched 

a l loys  under consideration, decomposes a t  once a t  a l l  aging temperatures except 
300°, a t  which t h e  f3 so l id  so lu t ion  i s  s t a b l e  f o r  15 min. An increase i n  t h e  
i ron  content and decrease i n  chromium content i n  a l l o y  16 a s  compared t o  a l l o y  
15 increases  the  s t a b i l i t y  of the  (3 so l id  so lu t ion  a t  t he  start of t h e  aging; 
t h i s  e f f e c t  is  more s i g n i f i c a n t  t he  lower the  temperature. Alloy 16 i s  s t a b l e  
f o r  4 h r s  a t  300°, and t h e  hardness curves f o r  aging a t  temperatures above 
300' a re  displaced t o  t h e  r i g h t .  

Despite t h e  d i f f e r e n t  content of i ron  and chromium, a l loys  15 and 16 have 
On heating a t  300°, a l loys  15 and 16 decom- the  same decomposition mechanism. 

pose with the p r e c i p i t a t i o n  of t h e  w phase i n  1 and 4 hrs ,  respec t ive ly .  On 
heating a t  350°, t he  p r e c i p i t a t i o n  of t he  W phase i n  a l loy  15 takes p lace  i n  
15 min. This phase, which e x i s t s  i n  a l l o y  15 a t  300' for 121 h r s  and a t  350° 
for 81 hrs ,  changes i n t o  t h e  a phase i n  144 and 100 hrs ,  respec t ive ly .  During 
aging a t  400 and 45O0, a l loys  15 and 16 decompose a t  once with t h e  p r e c i p i t a t i o n  
of t h e  a phase. 

Alloy 17, which contains approximately t h e  same amount of molybdenum and 
i ron  as a l loy  16 but 1 .5  percent less chromium, has a s t i l l  g r e a t e r  s t a b i l i t y  
during aging than a l l o y  16, i.e.,  a l loy  17 p r a c t i c a l l y  does not decompose f o r  
4 hrs .  

A comparison of a l l o y  16 (4.88 percent Mo + 5.65 percent  Cr + 5.02 percent  
Fe) and 7 (2.83 percent  Mo + 5.22 percent  Cr + 5.10 percent Fe) shows t h a t  mo- 
lybdenum increases  the  s t a b i l i t y  of t he  a l l o y  somewhat a t  t h e  s ta r t  of t h e  
aging. A 1 percent  increase  i n  the  molybdenum content of a l l o y  19 as compared 
t o  a l l o y  17, t h e  content of t he  o the r  a l loying elements being the  same, a l s o  
increases  the  s t a b i l i t y  of t he  f3 a l loys .  During heat ing a t  400, 450 and 500°, 
a l l o y  19 i s  as staole a s  a l l o y  17 f o r  approximately 4 hrs ,  but on heat ing a t  
300°, a l loy  17 i n  con t r a s t  t o  a l l o y  19, which i s  s t a b l e  a t  t h i s  temperature f o r  
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Figure 10. Microstructure  of a l loys  of t he  t h i r d  s e r i e s  quenched 
from 850° f o r  1 h r  i n  water  and aged a t  500' f o r  100 hrs :  a, a l loy  
12, i n  polar ized l i g h t ,  x 340; b ,  a l l o y  13, i n  polar ized  l i g h t ,  x 
340; e, a l l o y  12, x 1350; d, a l l o y  13, x 1350. 

100 h r s ,  decomposes a f t e r  t he  same period of time with the  p r e c i p i t a t i o n  of the  
w phase. The p o s i t i v e  inf luence of molybdenum i s  manifested not only i n  an in-  
crease of t he  s t a b i l i t y  of t h e  a l loys  on heat ing,  but also i n  t h e  preserva t ion  
of the  maximum value of t h e  hardness obtained i n  t h e  course of decomposition of 
the  a l l o y  a t  an aging temperature of 500°, independently of t h e  i r o n  and chro- 
mium content of t he  a l loy .  

Alloy 18, which contains  the  same amount of molybdenum as  a l l o y  19, but 
l e s s  i r o n  and more chromium, decomposes a t  once when heated a t  350, 400 and 
450°, and i n  4 h r s  when he&:ed a t  300'. A t  aging temperatures of 300 and 350°, 
a l l o y  18 decomposes wi th  the  p r e c i p i t a t i o n  of the  w phase, t he  ex is tence  of 
which i s  observed up t o  144 and 12l hrs ,  respec t ive ly .  On aging a t  400 and 
450°, a l l o y  18 decomposes immediately with the  separa t ion  of t he  a phase. 
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From an ana lys i s  of t h e  hardness curves of t he  a l loys  of t h e  fou r th  s e r i e s ,  
it follows t h a t  the most i n t e r e s t i n g  a l loys  are 18 and 19, which reach a s t a b l e  
hardness most r ap id ly  and the  lowest d i f fe rence  i n  t h e  value of t h e  maximum 
hardness during aging i n  t h e  range of 500-400°. 
18 and 19 i s  almost the  s a m e ,  an a l l o y  with an average composition i n  i r o n  and 
chromium and with 6 percent  Mo w a s  se lec ted  f o r  a f u r t h e r  inves t iga t ion .  

Since t h e  composition of a l loys  

Let us examine a l loys  20 and 21 (see f i g .  6a and b)  containing 7 percent  
Mo each and d i f f e r e n t  amounts of i r o n  and chromium (a l loy  21 contains  approx- 
imately 1 percent less chromium and 0.8 percent  more i r o n  than a l l o y  20). 
presence of l a rge  amounts of i r o n  i n  a l l o y  21 causes a more s luggish decomposi- 
t i o n  of t h i s  a l loy  on heating, as a r e s u l t  of which t h e  hardness reaches i t s  
maximum value and becomes stable a f t e r  longer  holding times. By comparing al- 
loys 20 and 21 with a l l o y  22 ( f i g .  6c) ,  which d i f f e r  from the  f i rs t  two i n  
t h e i r  molybdenum content,  it can be seen t h a t  a f u r t h e r  increase  i n  t h e  molyb- 
denum content of t h e  a l l o y  slows down the  decomposition process even more. 

The 

Despite the  d i f f e r e n t  decomposition r a t e s  a t  the  s tar t  of t h e  aging a t  
300-500°, a l loys  20-22 decompose according t o  the  same pa t t e rn ,  i . e . ,  wi th  the  
p r e c i p i t a t i o n  of a f i n e l y  dispersed a phase whose s i z e  and character  of d i s t r i -  
bution a re  analogous t o  those observed i n  t he  a l loys  considered e a r l i e r  (see 
f i g .  7 ) .  

Analyzing a l loys  15-22 (with 5-8 percent  Mo), one can conclude t h a t  a 1-2  
percent  increase i n  the  molybdenum content of a l loys  18-22 as compared t o  i t s  
content of a l loys  15-17 s l i g h t l y  increases  t h e  s t a b i l i t y  of the B a l loy ,  and 
t h a t  a slow decomposition process i s  even undesirable i n  these  a l loys .  Among 
a l loys  containing over 7 percent  Mo, a l l o y  21, whose hardness s c a t t e r  w a s  low- 
e s t ,  was chosen for a f u r t h e r  inves t iga t ion .  

The curves represent ing the  dependence of t he  hardness of a l l  t h e  inves t i -  
gated a l loys  on the  temperature and durat ion of aging show ,hat i n  a l loys  with 
2 percent  Mo (3.76 percent  C r  + 7.35 percent Fe f 3.15 percent A l  and 5 .2  per- 
cent C r  + 6.68 percent  Fe + 2.81 percent  a), a t  an aging temperature of 500°, 
the  hardness, having reached i t s  maximum value, does not change as the  holding 
time increases  t o  100 hrs ,  and t h a t  i n  a l loys  with 3 and 4 percent  Mo and 
approximately the  same content of chromium, i ron  and aluminum ( respec t ive ly  
3.5 percent C r  + 8.5 percent  Fe + 2.89 percent  Al and 5.22 percent  C r  + 7.01 
percent  Fe + 2.9 percent  A l ) ,  t he  hardness decl ines .  I n  our view, a t  an aging 
temperature of 500°, t he  hardness should drop more rap id ly  i n  a l loys  with 2 
percent  Mo, and not i n  a l loys  wi th  a higher content of molybdenum (3-4 per- 
cen t ) ,  which promotes an increase i n  s t a b i l i t y .  The s t a b l e  hardness i n  a l loys  
with 2 percent  Mo is  apparently explained by the  f a c t  t h a t  i n  a l loys  wi th  a 
s m a l l  amount of molybdenum, the  l a t t e r  manifests i t s e l f  more e f f e c t i v e l y  than 
i n  a l loys  with 3-4 percent  Mo,  and a c t s  as i n  a l loys  with 5 percent  Mo. 

Since the  mechanical p rope r t i e s  of t h e  a l loys  of the  system Ti-Mo-Cr-Fe- 
Al quenched from 850' f o r  1 h r  i n  water ( t a b l e  2) were obtained by t e s t i n g  
microspecimens s e n s i t i v e  t o  all types of notches and microcracks, t he  d a t a  of 
t h i s  table should be regarded with some reservat ions.  However, t hese  d a t a  

87 



TABLE 2. MECHANICAL PROPERTIES OF ALLOYS O F  THE SYSTEM Ti-Mo-Cr-Fe-Al. 

Alloy number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

19 
20 
21 
22 

Ob J 

kg/m2 

105 
103 
115 
112 
98 
102 
102 
86 
106 
97 
93 
113 
102 
95 
98 
107 
91- 

98 

100 
103 
100 
73 

~ .. . 

0s (00.2) 9 

W"* 
104 
102 
111 
108 
97 
101 
85 
77 
94 
94 
92 
111 
101 
91 
96 
103 
91 

97 

98 
101 
99 
70 

. .  - ~~ 

6, percent  

8 
9 
10 

head unchanged 
13 
8 
14 
14 
9 
7 
3 
10 
14 

4 
7 

8 

"n 

kgm/mm2 

2.3 
2.4 
3 
1 
2.4 

not t e s t e d  
not tested 
not t e s t ed  
not t e s t e d  
not t e s t ed  

1.4 
3.33 
1.81 
2.05 
2.28 
1.47 
3.36 
bent 
5.15 
bent 
2.12 
2.60 
2.9 
1.63 

. 

confirm the  correctness  of t he  se l ec t ion  of a l loys  3, 5, 12, 17, 18, 19 and 21 
f o r  a more de t a i l ed  inves t iga t ion ,  s ince  these a l loys  have shown the  highest  
mechanical cha rac t e r i s t i c s .  

Summary 

1. Al l  t he  invest igated a l loys  of t he  system Ti-Mo-Cr-Fe-Al with t h e  
exception of a l l o y  1 a r e  s t a b l e  f o r  100 h r s  a t  200°. 
h r s  a t  200°. All t h e  
remaining a l loys  decompose; a l loys  10, 14, 16 and 17 decompose with the  pre- 
c i p i t a t i o n  with t h e  W phase, which e x i s t s  for another 100 hrs, and a l l  t h e  
o ther  a l loys  decompose with the p r e c i p i t a t i o n  of t he  a phase. 

Alloy 1 i s  s t ab le  f o r  9 
Only a l loys  13 and 19 a re  stable f o r  100 h r s  a t  300°. 

2. I n  alloys containing 2 and 5 percent  Mo, t h e  s t a b i l i t y  of t he  prop- 
e r t i e s  i s  independent of t he  r a t i o  of chromium t o  i r o n  within the  inves t iga ted  
l i m i t s .  The chromium content i n  a l loys  with 2 percent  Mo decreased from 9.07 
t o  3.76 percent,  and the  i ron  content increased from 2.8 t o  7.3 percent;  the  
chromium content i n  a l loys  with 5 percent  Mo decreased from 9.40 t o  4.08 per- 
cent,  while the  i ron  content increased from 3.04 t o  5 percent .  
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3. For a l loys  containing 3-5 percent Mo, not more than 5 percent Fe should 

I n  a l loys  with 3-4 percent Fey the  amount of chromium should be 
be used, s ince a higher  i r o n  content has an adverse e f f e c t  on the  s tabi l i ty  of 
the  proper t ies .  
1.5-2 times grea te r ,  and i n  a l loys  with 5 percent  Fe, the  chromium content should 
not be less than 5 percent.  

4. I n  a l loys  containing up t o  5 percent Cr and up t o  5 percent  Fey not 
more than 5 percent  Mo should be taken. A 1-2 percent increase i n  the  amount 
of molybdenum s l i g h t l y  increases  the  s t a b i l i t y  of the  /3 a l loys ,  and a s low de- 
composition process i s  undesirable  because of the  presence OS t h i s  amount of 
molybdenum. 
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METASTABLE POLYMORPHISM OF ALLOYS BASED ON EL.ENENTS OF GROUP IV 
OF THE PEFXODIC SYSTEM 

N. F. Lashko 

I 

It is a well-known fact that in titanium-base alloys, four types of metast- 
able polymorphic transformations have been established during quenching from 
temperatures of the p region: 1, p -+ a ' ;  2, B + a"; 3 ,  f3 -+ @ + w; 4, pstab -+ 

$zetastab. In zirconium-base alloys, three types of transformations have been 

established: 1, B -+ a ' ;  2, B -+ @ + w; 3, &tab -+ betastab. In hafnium alloys, 

none of these reactions has been reliably established thus far. 

A number of studies have defended the thesis that the transformations 
p ---f a" ,  @ -+ p + w, pstab -+ betastab are determined by the concentration of the 

outer electrons of transition metals in these alloys (refs. 1-4). The condi- 
tions of the metastable polymorphic transformations may be written as follows: 

where ai is the constant of the i-th transformation; x is the concentration of 

the alloying element in at. percent; y is the number of its outer 6;~lectrons 
minus four. 

Two conclusions result: 

1. The metastable polymorphic transformations should occur with a decreas- 
ing concentration of the alloying element, increasing number of the group of 
the periodic system, and increasing number of outer electrons; 

2. The transformation in alloys containing alloying elements of one group 
of the periodic system should occur at the same electron concentration, i.e., 
when the number of outer electrons per atom is the same. 



.. .. .-...- .. . .. . .. , . _-_. .. , . . . , . , , 

Neither conclusion has been confirmed experimentally. This i s  p a r t i c u l a r l y  
apparent from the  most complete d a t a  on the  conditions of t h e  f i x a t i o n  of t h e  
metastable phase during quenching, when pstab 4 pmetastab ( t ab le  1). The con- 

cent ra t ion  of t h e  a l loy ing  elements,which f i x  t h e  f3 phase during the  quenching 
of binary t i tanium a l loys  and i n  t h e  s t a t e  of equilibrium form a eu tec to id  reac- 
t ion,decreases  a t  f i rs t  as t h e  number of the  group of t h e  per iodic  system in-  
creases  (up t o  group V I I I ) ,  and then t h e  concentration increases .  Nor i s  t h i s  
concentration constant i n  a l loys  wi th  al loying elements of t h e  same group ( f o r  
example, i n  a l loys  with elements of group V I ) .  

The f ix ing  of the  metastable p phase on quenching should be determined by 
t h e  r e l a t i v e  s t ab i l i t y  of t h i s  phase on cooling. This phase i s  n a t u r a l l y  l e s s  
s t a b l e  i n  a l loys  with a p e r i t e c t o i d  transformation and more s t a b l e  i n  binary 
a l loys  with a eu tec to id  transformation o r  i n  a l loys  forming continuous ,B and 
l imi ted  a s o l i d  so lu t ions .  The degree of s t a b i i i t y  of t h e  w phase i n  a l loys  of 
t he  l a t t e r  type should be determined by t h e  change i n  the  temperature of t h e  
equilibrium p a + f3 and + f3 - ,a r e l a t i v e  t o  the  concentration of t h e  al loy-  
ing elements. To a f i rs t  approximation, i n  a l loys  with a eu tec to id  transforma- 
t ion ,  t h i s  quant i ty  should be character ized by the  temperature of t h e  eutectoid 
transformation. Indeed, a s  t he  number of t he  group of t he  al loying element i n -  
creases  within the  confines of t he  same period, the  change i n  i t s  concentration, 
which causes the  f i x i n g  of t h e  metastable w phase i n  the  a l loy ,  i s  symbatic with 
the  change i n  the eutectoid temperature. 

This also appl ies  t o  a l loys  wi th  al loying elements of t h e  same group ( fo r  
example, t o  the a l loys  T i - C r  and Ti-W). 

The f i x i n g  of t he  metastable f3 phase i n  binary t i tanium a l loys ,  which 
form a continuous s e r i e s  of p s o l i d  so lu t ions  and a l imited s e r i e s  of a so l id  
so lu t ions ,  takes  place a t  a lower concentration of t h e  a l loy ing  elements t h e  
more pronounced i s  the  decrease i n  the  temperature of the  s t a b l e  transformation 
p + Q + B and a + p + a .  I n  order  of decreasing s t ab i l i t y  of the  B phase, such 
a l loys  can be arranged i n  the  following sequence: Ti-Mo, T i -V ,  T i - T a ,  Ti-Nb. 
A s  an a r b i t r a r y  c h a r a c t e r i s t i c  of the  degree of s t a b i l i t y  of t he  B phase during 
the  cooling of these  a l loys ,  one can take  the  concentration of t h e  a l loy ing  
elements which give r i s e  t o  the  equilibrium /3 -+ i3 + a transformation a t  600° 
( t ab le  2 ) .  

This c r i t e r i o n  of t he  r e l a t i v e  me tas t ab i l i t y  of t h e  f3 phase i n  zirconium 
a l loys  cannot be  ve r i f i ed  because of i n s u f f i c i e n t  da ta .  It i s  j u s t i f i e d  i n  
judging the  conditions of formation of t h e  w phase during the  quenching of cer- 
t a i n  a l loys  ( t ab le  3 ) .  



TABLE 1. 
OF TITANIUM ALLOYS (IIEFS. 1 AND 2). 

CONDITIONS OF ICXATION OF TAF METASTABLE !3 PIEASE DURING QUENCHING 

Ti-Mo 
Ti-V 
T i -Ta  
Ti-Nb 

Group I 

17 
25 
33 
35 

per iodic  Of ‘he (Elemenf 

Content of a l loying element a t  

a t .  percent  
which the  w phase is  formed, system 

Z r - C r  
Zr-Mo 
Zr-W 7- 13 

system & 

Eutectoid 
tempera- 
t u re ,  OC 

Electron concentration 
el/atom 

4.09 835 
4.08 780 
4.13 860 

v 
V I  
VI 
VI 

V I 1  
VI11 
VI11 
V I 1 1  

Fe 
co 
N i  

Minimum concentration of 

s t a b l e  phase is  f ixed,  
a t  whichthe meta- ou te r  

e l ec t rons  

18.4 
8.4 
5.8 
8.7 
5.0 
4.5-4.9 
4.9 

10 5.8-6.3 

Electron 
:oncentrat ior! 

el/at om 

4.184 
4.17 
4.12 
4.17 
4.15 
4.18-4.20 
4.20 
4.35-4.38 

TABLE 2. CONDITIONS OF FIXATION OF THE METASTABLE B PRASE 
DURING QUENCHING OF TITANIUM ALLOYS FOMNG A CONTINUOUS 
SERIES OF f3 SOLID SOLUTIONS AND A LIMITED SERIES OF a SOLID 
SOLUTIONS (REFS. 1 AND 2). 

Concentration of a l loy ing  elements ( i n  a t .  
providing f o r  

Alloy ~ 

f i x i n g  of t h e  
metastable j3 phase 

during quenching 

3.8 
18.4 
21 
23 

Eutectoid 
temperature 

OC 

650- n7 

715 
550 
590 
685 
770 

92 a 



I1 

When the  temperature of t he  eu tec to id  transformation approaches t h e  tem- 
pera ture  of t he  polymorphic transformation p +a! i n  pure metals, conditEons a re  
created which depress t h e  metastable polymorphic transformations.  On cooling 
i n  a i r ,  t he  eutectoid reac t ion  c lose  t o  t h e  equilibrium reac t ion  occurs only 
i n  a l loys  with high eu tec to id  transformation temperature, when a l l  main meta- 
stable polymorphic transformations (p + a t ,  p 4 a", B + p + W, pstab .-t betastad 
are  depressed. W e  observed the  equilibrium product of t h e  eu tec to id  transforma- 
t i on ,  f o r  example, on cooling i n  a i r  (from temperatures of t h e  B region)  a l loys  
of the  system Ti-Cu with a eu tec to id  temperature of 798' ( the  eutectoid a + 
Ti2Cu). A r e s idua l  B phase w a s  not observed i n  t h i s  case. It can be r e l i a b l y  

s t a t ed  t h a t  polymorphic metastable transSonnations should not take p lace  i n  
a l loys  of t h e  system Ti-Ag and Ti-Au, t h e  eu tec to id  temperatures of which a re  
higher  than i n  the  a l loys  of t h e  system Ti-Cu, and equal respec t ive ly  t o  855 
and 832'. 

We can a l so  state t h a t  i n  t h e  a l loys  of t h e  system Hf-Fe, t h e  eu tec to id  
temperature of which i s  high and, according t o  reference 5, equal t o  1235O, the re  
should be no metastable polymorphic transformations on quenching from 12600. A s  
indicated by an ana lys i s  of t h e i r  da t a  (recording and ca lcu la t ion  of x-ray d i f -  
f r a c t i o n  g a t t e r n s  of an a l l o y  of hafnium with 3.5 percent  Fe a f t e r  quenching 
from 1260 ), t h e  conclusions of t he  authors of reference 5 concerning t h e  pres- 
ence of p + p + w transformations i n  these  a l loys  a re  inco r rec t .  According t o  
t h e i r  da ta ,  t he  product of t h e  eu tec to id  reaction--the phase =$?e-- i s  ob- 

served i n  the  quenched a l loy .  The x-ray p a t t e r n  which they c i t e  and i t s  calcula-  
t i o n  ind ica t e  beyond any doubt t h e  presence of the  a-Hf phase on quenching, not 
t h e  presence of the p + w phase, as indicated by the  authors of reference 5, who 
proceeded from the  assumption t h a t  t he  w phase should be formed i n  t h i s  a l l o y  
with an outer -e lec t ron  concentration of 4.14 el/atom. 
i s  quenched i n  water from 1260°, t h e  transformation taking place i s  ,f3 * a + 
=$e. 

t e r i o n  f o r  t he  degree of i n s t a b i l i t y  of the  f3 phase over t he  quan t i t a t ive  c r i -  
t e r i o n  r e l a t ed  t o  the  e l ec t ron  concentration. 

Hence, when t h i s  a l loy  

This example c l e a r l y  shows the  advantage of t h e  above-indicated c r i -  

I11 

Metastable polymorphism i n  a l loys  based on t i tanium and zirconium with a 
eu tec to id  transformation i s  a l so  manifested by the  formation of a r e s idua l  p 
phase during quenching. I ts  amount and res i s tance  t o  decomposition on aging 
a l s o  depend on the  eu tec to id  temperature. I n  t i tanium a l loys  wi th  a high tem- 
pera ture  of the  eutectoid transformation, no res idua l  p phase i s  formed. A s  
w a s  indicated above, i n  a l loys  of t he  system Ti-Cu, t he  p phase i s  converted 
i n t o  the  products of t h e  eu tec to id  reac t ion  during quenching. It i s  usua l ly  
s t a t e d  t h a t  no r e s idua l  B phase i s  formed i n  t h e  system Ti-Si with a eu tec to id  
temperature of 8 6 0 ~ .  I n  our e a r l i e r  work ( r e f .  6 ) ,  it w a s  shown t h a t  i n  
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t echnica l  a l loys  of the  system Ti-Si,  two phases were observed, a: + T i  S i  

after a re la t ively shor t  heat ing f o r  quenching followed by quenching. However, 
an inves t iga t ion  of t h i s  system of a l loys ,  which were f i rs t  homogenized a t  920° 
f o r  143 hrs ,  then furnace-cooled t o  100-200° and aged a t  600-840°, revealed t h e  
presence of a r e s idua l  f3 phase ( t a b l e  4) .  I n  t e rna ry  a l loys  of t h e  system T i - 6  
percent  Al-Si, which were subjected t o  the  same homogenizing treatment,  no 
r e s idua l  f3 phase w a s  observed, but  t h e  phase T i  S i  w a s  detected.  The phases 

f3 and T i  S i  

deposi ts  i so l a t ed  from the  a l loys  i n  e l e c t r o l y t e s  of t he  following compositions: 

5 3' 

5 3  
were found i n  the  course of an x-ray s t r u c t u r a l  ana lys i s  of anodic 

5 3  

1. Three g of potassium thiocyanate,  10  g of c i t r i c  acid,  1000 ml of 
methanol; 

2. Three g of l i th ium chloride,  10  g of c i t r i c  acid,  25 ml of glycer in ,  
1000 ml of methanol.' 

TABLE 4. RFSULTS OF X-RAY STRUCTURAL ANALYSIS OF MONOLITRTC 

TEMS Ti-Si AID T i - 6  PERChT\PT Al-Si. 
ALLOYS AID ANODIC DEPOSITS ISOLATED FROM ALLOYS OF THE SYS- 

- I_ .~ _- 
Alloy of the-system.Ti-6% Al-si 

?=k 2% 
Phase 

composition 
. .  

OC i hours 
~- 

Temper Dura- 
a tu re ,  t i on ,  

, (io0 
GOO 
COO 

1 GOO 
GOO 
700 
700 
700 
700 
8/10 
840 
5/10 
84 0 
8/10 

~ (io0 

io0 
100 
100 
100 
IO0 
100 
75 
75 
75 
75 
50 
50 
50 
50 
50 

500 
500 
500 
500 
GOO 
GOO 
700 
700 
700 
850 
850 
850 
850 

125 
125 
125 
125 
125 
125 
100 
$00 
io0 
50 
50 
50 
50 

'The work w a s  car r ied  out  i n  cooperation with Ye. A. Vinogradova and 
A. I. Glazova. 
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It is possible that the decomposition of the @ phase and of the alloys of 
the system Ti-Si investigated earlier is promoted by impurities and a segrega- 
tional structure. It is known that the maximum concentration of alloying ele- 
ments in titanium alloys which causes the fixation of the @ phase on quenching 
depends on the purity of the alloys. 
tem Ti-Si promotes an increase in the stability of the f3 phase. 
these alloys with aluminum accelerates the decomposition of the p phase. 

The homogenizing of the alloys of the sys- 
Alioying of 

IV 

The metastable polymorphic transformation @ +  f3 + wtaking place in titanium 
and zirconium alloys during quenching or aging is attributed to martensite trans- 
formations of a special type (ref. 7). A characteristic feature of this mar- 
tensite transformation is the mandatory existence of the w phase, which is eo- 
herently bound to the @ phase. Apparently, in contrast to the other martensite 
phases, the w phase does not exist independently. When it is formed, the 
volume of the alloy decreases. The self-coherent bond of the two phases f3 + W 

is a single phase. The likelihood of such an assumption is reinforced if three 
known facts are recalled: 

1. There is no relief on the surface of the quenched alloy during the 
formation of the w phase; 

2. The main planes of reflection of x-rays from the p and w phases 
coincide ; 

3. The w phase cannot be distinguished metallographically as a separate 
component different from the matrix. 

The statement made in reference 8 that some very small particles observed 
by means of the electron microscope constitute the w phase is debatable. These 
authors observed the same kind of particles in the alloy Hf-3.5 percent Fe, 
where, as was shown above, there is no w phase. 

It is known that the w phase is formed in medium titanium and zirconium 
alloys directly on quenching, whereas in higher alloys, it is formed with the 
participation of diffusion processes as a result of the heating of the metasta- 
ble phase fixed on quenching. In addition to the indicated characteristics 
of the f3 phase, one should note the independence of the temperature of the 
martensite transformation from the cooling rate, and also identical or similar 
parameters of the crystal structure of the w phase in titanium alloys of dif- 
ferent compositions (ref. 9). Hence, we conclude that diffusionless martensite 
transformations have a common feature. They occur when, as a result of some 
processes, the specific volume of a high-temperature phase is prepared for a 
diffusionless transformation into a low-temperature metastable phase. This may 
take place as a result of a volume change on cooling of the high-temperature 
phase or as a result of its diffusional change during aging. 

The first condition of the preparation of a phase for a metastable poly- 
morphic transformation was pointed out by the authors (ref. 10) and also by 
M. V. Yakutovich and V. D. Sadovskiy (ref. 11). 
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The diff 'usional preparat ion of a high-temperature phase f o r  a subsequent 
d i f fus ionless  transformation may occur i n  two ways: 

where /3 is  the  i n i t i a l  phase of t h e  changed composition (depleted of a l loy ing  
elements); x i s  the  equilibrium phase; i s  t h e  phase enriched wi th  a l loy ing  

elements. 
the  isothermal treatment aus t en i t e  p a r t i a l l y  decomposes wi th  t h e  p r e c i p i t a t i o n  
of cementite, and the  aus t en i t e  depleted of carbon changes i n t o  martensi te .  

/3 + B1 3- x or j3 + f3, + B2, 

B2 

The f i rs t  case i s  rea l ized  i n  t h e  b a i n i t e  transformation, when during 

The r e a l i z a t i o n  of t h e  second type of transformation i n  t i tanium a l loys  
was described i n  a repor t  of R. M. Lerinman and T. V. Shchegoleva ( r e f .  12) .  
They showed t h a t  when the  metastable /3 phase of t i tanium a l loys  containing 
chromium and manganese ages, a demixing of t h e  /3 phase and t h e  formation of 
t he  u) phase take place.  

We have observed various cases of formation of t h e  w phase i n  a l loys  of t h e  
system Zr-Nb. 
conium and niobium form a continuous s e r i e s  of s o l i d  so lu t ions  and a l imi ted  
region of s o l u b i l i t y  of niobium i n  a-Zr. The high-temperature /3 phase decomposes 
under equilibrium conditions i n  accordance wi th  t h e  eu tec to id  reac t ion  B a-Zr + 
Nb a t  610'. 
of t h e  B phase on cooling i n  water and subsequent aging. 

As we  know, i n  the  region of t h e  exis tence of t h e  /3 phase, z i r -  

Four a l loys  were taken which d i f f e red  i n  t h e  type of decomposition 

The r e s u l t s  of the  inves t iga t ion  are shown i n  t a b l e  5 .  

TABLE 5 .  RFSULTS OF X-RAY STRUCTURAL ANALYSIS OF ALLOYS 
OF THE SYSTEM Zr-Nb AFTER QUENCHING I N  WATER AND AGING. 

I I 

. t ions  
Phase 
:ompo s i - 
t i o n s  

_. 

U + 3  

a + $  
a 

Parameter of 
B phase, A 

3 ,  5j3 
3,545 
3 ,  545 



After quenching, i n  the  a l l o y  containing 6 percent  Nb t he re  i s  formed a 
res idua l  j3 phase which i s  r e l a t i v e l y  stable on heat ing f o r  2 h r s  a t  400° and 
which decomposes a t  550°. 
phase which has not been detected by x-ray s t r u c t u r a l  ana lys i s  i s  formed a t  t h e  
same t i m e  . 

It i s  poss ib le  t h a t  a s m a l l  amount of a stable j3 

On quenching of t h e  a l l o y  containing 8 percent  Nb, t he re  i s  formed a rela- 
t i v e l y  s t a b l e  w phase which does not decompose for 2 h r s  a t  400° and f o r  0.5 h r  
a t  430°, but decomposes at, 550°. 

On quenching of t he  a l l o y  containing 15 percent  Nb, t he re  i s  formed a m e t a -  
stable j3 phase decomposing -in 2 h r s  at 400° i n t o  a P1 phase enriched wi th  nio- 

bium and i n t o  a w(f3 

decomposition of t he  metastable phases and t o  t h e  formation of t he  Q phase. 

+ w)  phase depleted of niJbium. Aging a t  550° leads  t o  t h e  2 

I n  t h e  a l l o y  containing 20 percent  Nb, t he re  i s  formed a r e l a t i v e l y  stable 
j3 phase which does not decompose f o r  2 h r s  a t  400' but does decompose at 550°. 
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DILATOMETRIC STUDY OF TWSFOENATIONS I N  TITANIUM ALLOYS 

L. P. Luzhnikov, V. M. Novikova and A. P. Mareyev 

The present  study i s  a p a r t  of a more extensive inves t iga t ion  deal ing with 
transformations during t h e  heat  treatment of t i tanium a l loys .  I n  addi t ion  to 
the  d i la tomet r ic  method, w e  a lso use t h e  determination of mechanical proper t ies ,  
t h e  end-quench method, micros t ruc tura l  ana lys i s ,  and o the r  methods. 

The d i la tomet r ic  method w a s  used t o  study t h e  transformations i n  t h e  in-  
d u s t r i a l  a l loys  v~3-1, v ~ 6 ,  ~ 8 ,  vT9 and VT14 (table l), and w a s  a l so  applied to 
a l loys  of the  following bina?y and t e rna ry  systems: T i - C r  (2 ,  4, 6, 10 percent 
Cr), Ti-Mo (3, 6, 10 percent  M o ) ,  Ti-Al-Cr, Ti-Al-Mo. 

The t e rna ry  a l loys  contained 4 percent  Al and t h e  same amount of p s t ab i l -  
i z e r  as t h e  corresponding binary a l loys .  The a l loys  were prepared by double 
fus ion  i n  vacuum a r c  furnaces followed by hot forging of ingots  and w e r e  
s tudied i n  t h e  forged s t a t e .  

02)  w a s  used f o r  t he  preparat ion of t h e  a l loys .  

Technical t i t an ium (ab = 41 kg/mm5; 0.08 percent 

The a l loys  contained an average 

of O.l2-O.l3 percent  02. 

the  Lei tz  Company) with a programmed temperature r egu la to r  and a vacuum furnace.’ 
The di la tometer  provided a 194-fold magnification. 

The change i n  length w a s  recorded with a Bollenrath di la tometer  (made by 

I n  the  indicated series of experiments, t h e  change i ’ i  t h e  length  of t he  
specimens (1 = 50 mm) w a s  recorded wi th  the  change i n  teniperature. 
w a s  car r ied  out  a t  the  rate of 4.5-5 deg/min. 
curves w e r e  recorded f o r  the  same a l l o y  on two or more specimens. The c’irves 
indicated a complete r ep roduc ib i l i t y  of the  d a t a  obtained. I n  one of t h e  a l loys  
( T i  + 10 percent  C r ) ,  the inf luence of t h e  heat ing rate (3 and 6 deg/min) on t h e  
na ture  of t he  d i la tomet r ic  curves w a s  s tudied.  It w a s  found t h a t  within these  
l i m i t s ,  t h e  change i n  the  rate w a s  not r e f l ec t ed  i n  t h e  magnitude and pos i t fon  
of t h e  d i la tomet r ic  e f f e c t s  on the  temperature sca le .  

The heat ing 
I n  many cases,  t he  d i la tomet r ic  

’Vacuum (6 x mm Hg) was used i n  c e r t a i n  cases;  a neu t r a l  atmosphere w a s  
employed (pure argon). 
observed after t h e i r  removel. 

I n  a l l  cases,  no s ign  of oxidat ion of t h e  specimens w a s  
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TAEEB 1. CHECMICAL COMPOSITION OF 
INDUSTRIAL ALLOYS (IN PIERCENT). 

Brand 
f 1 AI 1 Cr 1 DIo 1 V 1 Si 1 Sn 

ov 

- - -  BT3-1 5 i,7 2 
UTG - - 4 - -  
BT8 G,2 - 3 - 0,25 - 
BT9 6,3 - 3,3 - 0,30 2,3 
BT14 4 - 3 - 

Note: Residual T i  

For reference purposes, d i la tomet r ic  curves w e r e  recorded f o r  iodide and 
technical  t i tanium ( f ig .  1). 
curves f o r  the  i n d u s t r i a l  a l loys .  

These curves are i l l u s t r a t e d  together  with the  

The temperature of t h e  Q -, f3 transformation f o r  iod ide  t i tanium w a s  found 
For iodide t i tanium, t h i s  is i n  t o  be 880°, and f o r  technica l  t i tanium, 862'. 

good agreement with McQuillenfs da t a  (882.5O) ( r e f .  1). The decrease i n  t h e  
temperature of t he  polymorphic transformation i n  technica l  t i t a n i u m  is  probably 
due t o  the  predominant ac t ion  of f3 s t a b i l i z i n g  impuri t ies  ( ch ie f ly  i ron  and 
s i l i c o n ) .  

Before the  d i la tomet r ic  testing, t h e  specimens of i n d u s t r i a l  a l loys  w e r e  
quenched i n  water from t h e  temperature chosen f o r  each al loy.  
12-13 mm i n  diameter) from which t h e  specimens w e r e  made w e r e  subjected t o  heat- 
ing for quenchlng, and o the r  hea t  treatments of the a l loys  w e r e  ca r r i ed  ou t  i n  
ordinary laboratory e l e c t r i c  furnaces i n  an atmosphere of air .  Specimens wi th  
diameters of 4 mm (dilatometry) and 5 mm (mechanical tests) w e r e  turned from 
these blanks. The gas-saturated l a y e r  was  thus s a t i s f a c t o r i l y  removed. 

B l a n k s  (rods 

The di la tometr ic  curves of most of t he  i n d u s t r i a l  a l loys  ( ~ 6 ,  V T ~ ,  VT9, 
VT14) did not show any not iceable  e f f e c t s  ( f ig .  1); t h i s  i s  apparently due t o  
the  s l i g h t  development of transformations i n  these  a l loys ,  and also t o  t h e  
small d i f fe rence  i n  the  d i la tomet r ic  cha rac t e r i s t i c s  of  t he  phases p a r t i c i p a t i n g  
i n  these  transformations. This i s  confirmed by a r e l a t i v e l y  s l i g h t  tendency of 
the a l loys  under consideration t o  harden on a g i n g  (aging e f f e c t ,  10-15 percent) .  
It is  a l so  poss ib le  t h a t  t h e  s l i g h t  e f f e c t s  w e r e  no t  detected by the  di la tometer  
because the  increase w a s  too s m a l l .  

Alloy VT3-l ( f ig .  1) displays a d i s t i n c t  negative e f f e c t  i n  the temperature 
range of 286-400° (contract ion) ,  followed by a p o s i t i v e  e f f e c t  (expansion) 
which takes  place a t  450-470°. 

'Here and subsequently t h e  magnitude and pos i t i on  of t h e  e f f e c t s  on t h e  curves 
are measured by using a photographic p l a t e  18 x 24 cm on which the  di la tometrfc  
curves w e r e  recorded. 
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Figure 1. Dilatometric curves of industrial alloys: 1, alloy VT14 
(temperature of heating for quenching 8800); 2, alloy VT14 (8200); 
3, alloy V T ~  (950’); 4, alloy V T ~  (900’); 5, alloy ~8 (950O); 6, 
alloy V T ~  ( 9 0 0 ~ ) ;  7, alloy V T ~  (950O); 8, alloy V T ~  (845O); 9, alloy 
W3-l (845O); 10, technical titanium (910O); 11, iodide titanium. 

This dilatometric effect indicates the formation of the w phase during the 
decomposition of the p solid solution, fixed by quenching of the alloy VT3-1. 
This is a new and important fact in the case of VT3-1. 

Until now, almost all the investigators of this alloy have completely dis- 
counted the possibility that the w phase could form in this alloy (ref. 2). 

Certain investigators groundlessly attribute the positive effect on the 
dilatometric curves to the presence of the w phase (ref. 3). 

We shall discuss this question below in more detail. 

At the same time, the dilatometric curves of the other alloys show that 
the formation of the w phase in the latter is impossible. In any event, this 
fact is indisputable for the investigated temperatures of heating for quench- 
ing of these alloys. For the sake of a more correct and deeper understanding 
of the dilatometric effects observed in complex multicomponent alloys, a study 
was made of the dilatometric characteristics of a series of binary and ternary 
alloys. 

It should be noted that all the data published up to the present time 
(refs. 4, 5, 6, etc.) indicate that the formation of the w phase during the de- 
composition of the @ solid solution is associated with a negative effect of 
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change i n  length (contract ion) .  
heat ing i s  due t o  a p o s i t i v e  e f f e c t  (expansion). 

The disappearance of t h e  w phase on f u r t h e r  

The quan t i t i e s  and composition of t h e  coexis t ing phases i n  multicomponent 
a l loys  depend, i n  addi t ion  t o  the  chemical and phase composition of t h e  a l loy ,  
on the  temperature and the  l eng th  of t i m e  during which they  are exposed t o  it. 

A l l  of t h e  above and t h e  d i f fe rence  i n  t h e  d i l a tome t r i c  c h a r a c t e r i s t i c s  of 
t h e  various phases ind ica t e  t h a t  a m u l t i p l i c i t y  of f a c t o r s  determine t h e  t o t a l  
( r e su l t an t )  c h a r a c t e r i s t i c s  of a given a l loy .  This sometimes complicates t h e  
in t e rp re t a t ion  of t he  d i la tomet r ic  da t a  and causes c e r t a i n  discrepancies  i n  t h e  
l i t e r a t u r e  data .  

The binary and t e rna ry  a l loys  which we s tudied were quenched i n  water after 
being heated i n  t h e  B region. 

L e t  us examine the  d i la tomet r ic  curves recorded f o r  quenched specimens of 
a l loys  T i -Cr  (2, 4, 6 and 10 percent  C r )  beginning wi th  the  upper curve corre- 
sponding t o  the  a l l o y  T i  + 1 0  percent  Cr ( f i g .  2).  
a l l o y  cons is t s  of a f ixed  f3 phase which i s  preserved i n  t h e  metastable s t a t e  
approximately up t o  180~ ;  a t  t h i s  temperature, a negative e f f e c t  (cont rac t ion)  
due t o  the  formation of t h e  w phase appears. 
280-3ooo, t h e  formation of t h e  w phase ceases, and t h i s  phase begins t o  d isso lve  
i n  the  f3 s o l i d  solut ion,  while a t  t he  same time the  dispersed a phase precip- 
i t a t e s  from the  so lu t ion  (up t o  boo0). Above 400° and up t o  530°, t h e  amount 
of t he  a phase continues t o  increase,  and t h e  l a t t e r  coagulates. The subsequent 
course of t he  d i la tomet r ic  curve (above 730') corresponds t o  a change i n  t h e  
composition and r e l a t i v e  amounts of the  a and p phase i n  the  two-phase system. 
No eutectoid temperature i s  observed on t h i s  and t h e  o ther  curves. The next 
curve pe r t a ins  t o  the  a l l o y  T i  + 6 percent  C r .  
state had a ,E3 + w s t ruc tu re ,  i t s  curve begins wi th  a negative e f f ec t .  The two- 
phase B + w s t ruc tu re  i s  preserved on heat ing up t o  about 350-400°. 
400 and 500°, t he  amount of t h e  w phase decreases,  owing t o  i t s  d isso lu t ion ,  and 

I n  the  quenched state, t h i s  

A t  a temperature of approximately 

Since t h i s  a l l o y  i n  t h e  quenched 

Between 

Figure 2. Dilatometric curves of a l loys  of t he  system T i - C r :  
1, a l loy  T i  + 10 percent  Cr; 2, a l l o y  T i  + 6 percent C r ;  3, 
a l l o y  T i  + 4 percent C r ;  4, a l l o y  T i  + 2 percent  C r .  
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t h e  amount of t he  QI phase which p r e c i p i t a t e s  from t h e  solid so lu t ion  increases .  
Above 500-530°, t h e  a and f3 phases apparently exist, but t h e i r  composition and 
relative amounts change. 

The above explanation of t he  e f f e c t s  shown by t h e  d i la tomet r ic  curves i s  
based on da ta  f o r  t h e  dependence of t he  hardness on the  aging temperature and 
a l s o  on s tud ie s  (by the  x-ray s t r u c t u r a l  method) of transformations i n  analogous 
a l loys  described i n  references 4 and 7. 

The curve for t h e  a l l o y  T i  + 4 percent  Cr i s  genera l ly  s i m i l a r  t o  t h e  
preceding one, but as should be expected, t he  d i la tomet r ic  e f f ec t s  are very 
weakly expressed i n  t h i s  case.  

F ina l ly ,  the  last  curve ( fo r  t h e  a l l o y  T i  + 2 percent  4 2 )  i s  c h a r a c t e r i s t i c  
of quenched a l loys  wi th  a martensi te  s t ruc tu re .  It i s  a near ly  s t r a i g h t  l i n e ,  
ind ica t ing  very s l i g h t  transformations i n  these  a l loys  during heating. This 
explanation of t he  course of the  curves i s  a l s o  supported by t h e  d a t a  on the 
end-quenching of t he  same a l loys  ( f i g .  3 ) .  

This mechanism m a k e s  it poss ib le  t o  superimpose t h e  d i la tomet r ic  curves 
(on the  r i g h t )  onto &he curves of t he  end-quenching (on the  l e f t )  .’ 
quenched t o  t h e  ,6 phase (curve 1) has a hardenabi l i ty  curve with a minimum 
hardness a t  t h e  cooled end (poin t  on the  ord ina te) .  

The a l l o y  

L 
nn 

Figure 3. Curves of end-quenching ( l e f t )  and d i la tomet r ic  
curves ( r i g h t ) :  1, a l loys  quenched t o  the  f3 s o l i d  solut ion;  
2, a l l oys  quenched t o  t h e  f3 + w s t ruc tu re ;  3, a l loys  quenched 
t o  martensite;  a, b and c--hardness values corresponding t o  
the  ord ina te  (maximum cooling rate on quenching). 

‘The curves of the  end-quenching (GOST 5657-51) show t h e  dependence of t h e  hard- 
ness (ax is  of ord ina tes )  on the  d is tance  t o  the  end of t h e  specimen cooled 
with water (axis of absc issas) .  
cooling r a t e  decreases. 

A s  t he  d is tance  from t h e  end increases ,  t h e  



The a l l o y  hardened t o  t h e  two-phase i3 3- w s t r u c t u r e  (curve 2) has a m a x i -  
mum hardness a t  the  cooled end and a t  an appreciable  d is tance  from t h e  lat ter.  

F ina l ly ,  t h e  a l l o y  quenched t o  martensi te  (curve 3) has a maxi" hardness 

The m a x i m u m  hardness of the  most abrupt ly  quenched a l l o y  (ord ina te  on 
a t  the  cooled end; as t h e  d is tance  from the  l a t t e r  increases ,  t h e  hardness de- 
creases .  
t h e  curves on the  l e f t )  corresponds t o  t h e  p + w s t ruc tu re ,  which i s  followed by 
a martensi te  s t ruc tu re ,  and the  minimum hardness corresponds t o  t h e  f ixed  f3 
phase (a c b ) .  

The d i la tomet r ic  curves corresponding t o  each of t h e  a l loys  considered are 
shown i n  t h e  same f i g u r e  on the  r i g h t .  

A d e f i n i t e  confirmation of these  da t a  i s  provided by r e s u l t s  of mechanical 
tests of t he  a l loys  following various modes of aging. L e t  u s  examine t h e  d i -  
l a tomet r ic  curves of t he  t e rna ry  a l loys  T i - A l - C r  containing 4 percent  Al ( f i g .  
4 ) .  
t i o n  wi th  the  formation of t h e  w phase i s  accelerated i f  the  a l loys  contain 
i n t e r s t i t i a l  elements (oxygen, nitrogen, carbon); t h i s  appl ies  p a r t i c u l a r l y  t o  
t h e  ac t ion  of oxygen. Aluminum re t a rds  t h i s  transformation. It apparent ly  
s h i f t s  t h e  transformation 8 + w i n t o  a region of higher  temperatures. This i s  
p a r t i c u l a r l y  apparent i n  the  a l l o y  T i  + 4 percent  Al + 10 percent  C r .  

It i s  known from t h e  l i t e r a t u r e  t h a t  t h e  decomposition of t h e  f3 s o l i d  solu- 

The negative e f f e c t  associated with t h e  formation of t h e  w phase ( f i g .  4) 
decreased markedly and sh i f t ed  i n t o  t h e  region of higher  temperatures (230-350') 
as compared t o  the  a l l o y  T i  + 10 percent  C r  (180-300~). I n  the  region of 350- 
480°, t h e  p + w + a phases apparently e x i s t  i n  t h i s  a l loy ;  t h e  amount of t h e  w 
phase between 350-480' decreases,  while t h e  amount of t h e  a phase increases .  
Above 480-500°, t h e  a l l o y  has a two-phase s t r u c t u r e  (a + p) .  
t h a t  f o u r  d i la tomet r ic  curves were recorded for t h i s  a l l o y  on specimens which 
were d i f f e ren t  but which were t r ea t ed  i n  t h e  same manner. Al l  t h e  curves were 
completely i d e n t i c a l .  Alloying with aluminum introduced a subs t an t i a l  change 

It should be noted 

zo zoo 4ua 

Figure 4. Dilatometric curves of a l loys  of t h e  system Ti-Al-Cr: 
1, a l l o y  T i  + 4 percent  Al + 10 percent  C r ;  2, a l l o y  T i  + 4 per- 
cent Al + 6 percent  C r ;  3, a l l o y  T i  + 4 percent  Al .+ 4 percent  
Cr; 4, a l l o y  T i  + 4 percent  Al + 2 percent  C r .  
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i n t o  the course of the curve of t h e  a l loy  T i  + 6 percent C r ;  i n  t h i s  alloy, 
aluminum subs t an t i a l ly  depressed the  tendency t o  form the  w phase during quench- 
ing. 
cent C r  i s  s l i g h t .  

The influence of aluminum on the  a l loys  T i  + 4 percent C r  and T i +  2 per- 

The curves of Ti -Cr  a l loys  with aluminum ( f ig .  4) show the  eutectoid t e m -  
perature  (about 700°) f a i r l y  d i s t i n c t l y .  

Let  us examine the  d i la tomet r ic  curves f o r  the a l loys  of t h e  
( f i g .  5) and Ti-Al-Mo ( f i g .  6). 

The a l l o y  T i  + 10 percent Mo i s  apparently quenched t o  the  @ 
with a small amount of t he  w phase, s ince i t s  curve begins wi th  a 

systems Ti-Mo 

so l id  so lu t ion  
negative e f -  

f e c t ;  i n  the  temperature range of 500-590°, a pos i t i ve  e f f e c t  i s  observed. 

Both of these  e f f e c t s  s h i f t  i n t o  the  range of  650-870' i n  the alloy 
T i  + 4 percent Al + 10 percent Mo ( f i g .  6). 

Figure 5. Dilatometric curves of a l loys  of the  sys- 
tem Ti-Mo: 1, a l loy  T i  + 10 percent Mo; 2, a l loy  
T i  + 6 percent Mo; 3, a l loy  T i  + 3 percent Mo. 

Figure 6. 
Ti-Al-Mo: 
2, a l loy  T i  + 4 percent Al + 6 percent Mo; 3, a l loy  
T i  + 4 percent Al + 3 percent Mo. 

Dilatometric curves of a l loys  of the  system 
1, a l loy  T i  + 4 percent Al + 10 percent Mo; 

I . . - .. 



The curves of t h e  a l loys  T i  + 6 percent  Mo and T i  + 3 percent  Mo do not 
d i sp lay  any appreciable e f f e c t s .  
s u b s t a n t i a l  change i n  t h e  charac te r  of t he  curves. 

The addi t ion  of aluminum does not  cause any 

A series of add i t iona l  e q e r i m e n t s  w a s  car r ied  out  with the a l l o y  VT3-l f o r  
t he  purpose of confirming t h e  p o s s i b i l i t y  of t h e  formation of t he  w phase i n  
t h i s  a l loy .  

F i r s t ,  a d i la tomet r ic  curve w a s  recorded f o r  t h e  a l l o y  VT3-l quenched from 
the  f3 region (1070°). 
This i s  i n  agreement wi th  t h e  f a c t  t h a t  i n  t h i s  case t h e  a l l o y  w a s  quenched t o  
the  a' phase (martensi te) .  

It shows the  absence of any e f f e c t s  ( f i g .  7, curve 1). 

A curve w a s  recorded f o r  t h e  a l l o y  VT3-l quenched from 8 0 0 ~ .  It i s  not 
i l l u s t r a t e d  here because i t s  shape i s  the  same as t h a t  of t h e  curve which we 
have i l l u s t r a t e d  f o r  t he  a l l o y  quenched from 8430 (see f i g .  1). 

Figure 7 a l s o  shows curve 2 f o r  a l l o y  VT3-l, recorded with a specimen a f t e r  
quenching from 845' and aging a t  350' f o r  10 h r s .  
a t i v e  e f fec t ,  s ince  aging at 330' had caused a p r a c t i c a l l y  complete f3 -, w t rans-  
formation p r i o r  t o  t h e  recording of t he  d i la tomet r ic  curve. 

The curve does not show a neg- 

L e t  us  examine the  aging e f f e c t s  i n  a l loys  VT3-l ( f i g .  8, curve 2) ,Ti  + 10 
percent Z r  ( f i g .  8, curve 3) and T i  + 4 percent  Al + 10 percent  Cr ( f i g .  8, 
curve 1). 

The aging e f f e c t  i s  character ized by an increase  i n  a given property as a 
r e s u l t  of aging, i.e., by a d i f fe rence  between t h e  values of the  property ( i n  
t h i s  case the  Rockwell hardness) after aging and after quenching. 

This increase of hardness (aging e f f e c t )  i n  each a l l o y  i s  expressed i n  per- 
cent  r e l a t i v e  t o  the  hardness i n  the  quenched state.. The durat ion of aging a t  
a l l  temperatures w a s  10 hrs .  

Quenching ( i n  water)  of t h e  a l loys  T i  + 10 percent  Cr and T i  + 10 percent  
The C r  + 4 percent  Al w a s  ca r r i ed  out  after they w e r e  heated i n  t h e  f3 region. 

a l l o y  VT3-l w a s  quenched from t h e  a + f3 region from 8 4 5 O ,  t h e  standard tempera- 
t u r e  of the  heat ing f o r  quenching of t h i s  a l loy .  

As i s  evident from f igu re  8, the  nature  of t h e  change i n  the  hardening e f -  
f e c t  during aging of t he  two f3 a l loys  i s  s imilar  t o  the  nature  of the  change i n  
t h i s  e f f e c t  i n  a l l o y  VT3-1, or ,  more exact ly ,  i n  t he  f3 s o l i d  so lu t ion  of t h i s  
two-phase a l loy .  The s i m i l a r i t y  of t h e  curves charac te r iz ing  the  aging e f f e c t  
i n  a l loys  VT3-l and T i  + 1 0  percent  Cr i s  p a r t i c u l a r l y  pronounced. 
of the  maximum (300-400°), t h e i r  aging e f f e c t s  a r e  even c lose r  i n  magnitude. 

I n  t h e  region 

This s i m i l a r i t y  i n  t h e  charac te r  of t he  change and i n  t h e  magnitude of t he  
aging e f f e c t s  makes it poss ib le  t o  assume a s i m i l a r i t y  i n  the nature  of t h e  
f3 + w transformation as wel l .  

106 



20 20u 4 @  

Figure 7. Dilatometric curves of t he  a l l o y  VT3-1: 
1, quenching i n  w a t e r  from 1050°, 30 min; 2, quench- 
ing i n  water from 845O f o r  1 hr and aging a t  350° 
for 10 hrs .  

Figure 8. 
aging time of 10 hrs :  
Cr + 4 percent  Al (quenched i n  the  @ region);  2, 
a l l oy  VT3-l (quenched i n  water from 845'); 3, a l -  
l oy  T i  + LO percent  C r  (quenched i n  t h e  I3 region) .  

Aging e f f e c t  of t i tanium a l loys  f o r  an 
1, a l l o y  T i  + 10 percent  

F ina l ly ,  we s h a l l  c i t e  t he  dependence of c e r t a i n  mechanical c h a r a c t e r i s t i c s  
of the  a l loy  VT3-l on the  durat ion of aging after quenching from 845O ( t a b l e  2).  

After  aging a t  350' ( the  temperature of rapid formation of t h e  w phase for 
t h i s  a l loy )  f o r  various per iods of time, t h e  p l a s t i c i t y ,  p a r t i c u l a r l y  as char- 
ac te r ized  by elongation, decreased a t  f irst ,  reaching a minimum i n  3 h r s ,  then 
increased again s u b s t a n t i a l l y  after aging f o r  24 hrs .  
i t y  minimum corresponds t o  t h e  f u l l e s t  @ -+ w transformation, and t h e  increase 
i n  t h e  durat ion of aging t o  24 hrs ,  upon f u r t h e r  decomposition of the  f3 s o l i d  
so lu t ion ,  leads  t o  the  appearance of t he  a phase, a decrease i n  t h e  amount of 
t he  w phase, and an increase i n  p l a s t i c i t y .  Aging f o r  6 hrs a t  550° l eads  t o  

Apparently, t he  p l a s t i c -  



TABLE 2. DEPEXDEXCE OF TEE MECEtANICAL Cm(YI!ERISTICS 

845'. 
ON THE AGING TIME OF ALLOY v~3-1 AFTER QUENCEING FROM 

I -- 
0.5  
1 
3 

24 
6 

Aging mode I 
t, OC T , hours 

-- 
350 
350 
350 
350 
550 

115 
141 
144 
147 
154 
128 

6 
percent  

1 2  

JI 
percent  

41 
25 
20 
16 

9 
39 

an appreciable increase  i n  d u c t i l i t y  and a decrease i n  s t rength .  
sponds t o  a change i n  the  p rope r t i e s  of t he  a l l o y  r e s u l t i n g  from t h e  decomposi- 
t i o n  of the p s o l i d  so lu t ion  with the  p r e c i p i t a t i o n  of the a phase. 

This corre- 

Thus, the  above ma te r i a l  d e f i n i t e l y  ind ica t e s  the  p o s s i b i l i t y  of t h e  forma- 
t i o n  of the  u, phase i n  the  a l l o y  VT3-l following the  hea t  treatment of t h i s  
a l l o y  under c e r t a i n  condi t ions.  These condi t ions involve i t s  quenching from the  
two-phase a + f3 region (845O), when the  p phase containing chromium and molyb- 
denum above the c r i t i c a l  concentration becomes f ixed ,  and t o  aging a t  tempera- 
t u r e s  i n  the  range of 286-460'. 

The pronounced aging e f f e c t  associated with the  formation of t he  w phase 
(LIP t o  50 percent )  makes it poss ib le  t o  a s s e r t  t h a t  t h e  maximum amount of t he  f3 
phase (5-8 percent)  determined f o r  the  a l l o y  VT3-l i n  reference 2 i s  qu i t e  e r -  
roneous. I n  our view, t h e  amount of the  f3 phase i n  t h i s  a l l o y  can reach 30-40 
percent.  

Summary 

1. A study w a s  made of t he  transformations associated with t h e  hea t  
treatment of i n d u s t r i d  t i t an ium a l loys  v~3-1, V T ~ ,  V T ~ ,  V T ~  and VT14, and a l s o  
a l loys  of the  systems Ti -Cr ,  Ti-Mo, T i - A l - C r  and Ti-Al-Mo by t h e  d i l a tome t r i c  
and o ther  methods. 

2. These i n d u s t r i a l  a l loys  i n  the  quenched s t a t e  do not show any apprecia- 
An exception i s  the  a l l o y  VT3-1, which b l e  d i la tomet r ic  e f f e c t s  during heat ing.  

has a negative e f f e c t  i n  the  temperature range of 286-400' a f t e r  quenching from 
the  two-phase region (845'). 

3. The d i la tomet r ic  c h a r a c t e r i s t i c s  of a s e r i e s  of binary and t e rna ry  (with 
aluminum) a l loys  were studied; t h i s  f a c i l i t a t e d  the  i n t e r p r e t a t i o n  of t h e  experi-  
mental da t a  f o r  the  a l l o y  VT3-1. 
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4. The dilatometric investigation, the study of aging, and the use of the 
end-quench method make it possible to assert that after quenching of the alloy 
m3-1 from 845O, a f3 solid solution of supercritical concentration is fixed to- 
gether with the QI phase. The w phase is formed as a result of the aging (par- 
ticularly in the range of 350-500'). 
apparently reach 30-40 percent. This explains the relatively pronounced aging 
effect of the alloy VT3-l (up to 50 percent). 

The amount of the fixed f3 phase can 
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DISLOCATION THEOFX OF THE HYDROGEN BR1TT”ESS OF TITANIUM ALLOYS 

B. A. Kolachev, V. A. Livanov and A. A. Bukhanova 

Numerous studies made by both Soviet and foreign investigators have shown 
that there are two kinds of hydrogen brittleness of titanium and its alloys. 

Brittleness of the first kind mantfests itself at high deformation rates 
and is associated with the appearance, in the structure of titanium and its 
alloys, of hydride-phase precipitates which essentially act as internal cuts in 
the metal. The explanation of the nature of this kind of brittleness presents 
no difficulties. 

Hydrogen brittleness of the second kind is manifested at low deformation 
rates. It develops primarily in quenched alloys in which the hydrogen content 
exceeds the solubility limit at the temperature of the tests. In this case, 
solid solutions supersaturated with hydrogen are fixed on quenching which de- 
compose on prolonged exposure to applied stresses with the formation of finely 
dispersed hydride precipitates, causing a certain hardening of the alloys and 
a sharp decrease in plasticity. 

Hydrogen brittleness caused by decomposition which develops in the course 
of deformation is the term applied to irreversible brittleness of the second 
kind in the sense that if after a prolonged exposure to stresses the load is 
removed, the plasticity of the alloys is not restored, and brittle failure is 
observed in subsequent tests conducted at a high rate after any period of time 
following the removal of the load. The explanation of brittleness of this type 
does not present any particular difficulties either. 

The most complex nature of hydrogen brittleness is that which develops in 
titanium alloys at low deformation rates when the hydrogen content is below the 
solubility limit at the temperature of the tests, and the development of brittle- 
ness is not accompanied by the appearance of hydride-phase precipitates. In its 
most characteristic form, this brittleness develops in typical a + p alloys. It 
may be termed reversible brittleness of the second kind. If an a + f3 titanium 
alloy saturated with hydrogen is subjected to the prolonged action of stresses, 
sources of hydrogen brittleness will arise in it, and if mechanical tests are 
performed at a high rate immediately after the stresses are relieved, the alloys 
will display a low plasticity. However, after the a + f3 alloy is aged following 
the relief of previously applied stresses, its plasticity will be almost com- 
pletely restored. Thus, after the relieving of preliminary stresses, the sources 
of hydrogen brittleness are partially destroyed and their embrittling effect is 
eliminated. 
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The following rules govern revers ib le  hydrogen b r i t t l e n e s s  of t h e  second 
kind (ref. 1). 

1. B r i t t l e n e s s  of t h e  second kind i s  manifested over a d e f i n i t e  tempera- 
t u r e  range which depends on t h e  deformation rate, nature  of t h e  a l loys  (a, a + @ 
or @ a l loy )  and t h e i r  chemical composition. 

2. A s  t h e  deformation rate increases ,  t he  temperature range over which 
the  p l a s t i c i t y  decreases i s  reduced, t h e  p l a s t i c  c h a r a c t e r i s t i c s  increase,  and 
if t h e  deformation rate exceeds a c e r t a i n  l i m i t ,  b r i t t l e n e s s  is  no longer  
observed. 

3. The temperature of t h e  t r a n s i t i o n  from viscous f a i l u r e  t o  b r i t t l e  f a i l -  
ure rises wi th  a decreasing deformation rate and increasing hydrogen content. 

4. Fa i lu re  a t  a low deformation rate takes place along t h e  gra in  
boundaries. 

Several  t heo r i e s  of t h e  hydrogen b r i t t l e n e s s  of a + @ a l loys  have been 
proposed. However, as w a s  shown i n  reference 2, these theor ies  cannot account 
f o r  all the  d e t a i l s  of t h i s  phenomenon. I n  t h e  present  work, an attempt i s  
made t o  explain t h e  basic  r e g u l a r i t i e s  of r eve r s ib l e  hydrogen b r i t t l e n e s s  of 
t he  second kind from the  standpoint of t h e  d i s loca t ion  theory.  

It is  postulated t h a t  a t  a temperature below some c r i t i c a l  temperature To, 

hydrogen i s  formed on the  d is loca t ions  of the  C o t t r e l l  atmosphere. 
formation r a t e  i s  low and the  temperature i s  not too high, so  t h a t  t he  mobil i ty  
of t he  hydrogen atoms i s  comparable t o  t h e  r a t e  of displacement of t he  dis loca-  
t i ons ,  t h e  atmospheres w i l l  accompany the  d is loca t ions ,  lagging a certni.n 
d is tance  behind them. Since the  d i s loca t ion  i s  then acted upon by a fo rce  
which repe ls  it back t o  t h e  i n i t i a l  pos i t i on  a t  t he  center  of t he  atmosphere, 
t h e  res i s tance  t o  p l a s t i c  deformation i s  somewhat increased. P l a s t i c  deforma- 
t i o n  i s  created not only by the  movement of the  d is loca t ions  present  i n  t he  
c r y s t a l ,  but a l so  by the  generation of new dis loca t ions  by any source under the  
inf luence of applied s t r e s s e s  and t h e i r  displacement along t h e  g l ide  plane.  
Under the indicated conditions,  newly formed d is loca t ions  w i l l  become surrounded 
by hydrogen atmospheres, and t h e i r  behavior should not be s u b s t a n t i a l l y  d i f f e r -  
e n t  from t h a t  of t'old" d is loca t ions .  The d is loca t ions  together  wi th  the  hy- 
drogen atmospheres, moving under the  inf luence of the  applied s t r e s ses ,  reach 
the gra in  boundary and may e i t h e r  vanish a t  t he  l a t te r ,  producing a shear  s t e p  
( i n  t h i s  case the  hydrogen atmospheres a re  f r eed ) ,  or form a p i leup  a t  t h i s  
boundary. I n  e i t h e r  of these  cases,  hydrogen accumulates a t  the  gra in  boundary. 
Since up t o  100 and more d is loca t ions  can move along a s ing le  ac t ing  g l i d e  plane, 
and t h e  p i l eup  may cons is t  of t he  same number of d i s loca t ions ,  a considerable 
segregation of hydrogen a t  t he  g ra in  boundaries should be expected. If the  ac- 
t u a l  s t r e s s e s  a re  high enough, a crack i s  generated a t  the  gra in  boundary on t h e  
step o r  a t  the  top of t he  pi leup,  and hydrogen apparently f a c i l i t a t e s  not  only 
the  generat ion of t h e  crack but  a l so  i t s  f u r t h e r  propagation. 

If the  de- 
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The revers ib le  nature  of t h i s  b r i t t l e n e s s  may be explained by t h e  f a c t  
t h a t  if the  load is removed p r i o r  t o  t h e  appearance of cracks, thermal d i f fu-  
s ion  w i l l  gradual ly  equal ize  the  hydrogen concentrat ion over t he  volume of t h e  
m e t a l  and w i l l  a t  l e a s t  p a r t i a l l y  e l iminate  t h e  segregat ion of hydrogen a t  t he  
g ra in  boundary. 

It should be noted t h a t  i n  p r inc ip l e ,  d i s loca t ion  p i leups  may arise not  
only a t  the  boundary of t h e  g ra in  but a l s o  wi th in  t h e  l a t t e r .  However, these  
pi leups apparently do not p l ay  a decis ive p a r t  i n  t h e  development of hydrogen 
b r i t t l eness .  Before the  conditions of t h e  p i l eup  in s ide  the  g ra in  become 
conducive t o  the  formation of a crack, t h e  crack i s  generated and begins t o  
propagate a t  the  g ra in  boundary because of t h e  higher  degree of  segregat ion of 
hydrogen and a lesser r e g u l a r i t y  i n  the  arrangement of t h e  atoms. 
v i t a l  concept i n  the  postulated theory of hydrogen b r i t t l e n e s s  i s  t h e  hypothesis 
t h a t  under ce r t a in  conditions,  t he  d is loca t ions  move toward the  g ra in  boundaries 
together  with the  hydrogen atmospheres surrounding them, and t h e  progressing 
segregation of hydrogen causes a premature f a i l u r e .  

Thus, a 

The nature of t he  in t e rac t ion  of hydrogen atoms wi th  moving d is loca t ions  
depends subs t an t i a l ly  on the deformation temperature. If t h i s  temperature i s  
too low, the  mobili ty of t h e  hydrogen atoms w i i l ' b e - . g o  s l i g h t  t h a t  even a t  a 
r e l a t i v e l y  low deformation rate v ( f i g .  l), t h e  d i s loca t ions  w i l l  not  e n t r a i n  1 
t he  hydrogen atmospheres, but escape out of them and move f r e e l y  through t h e  
metal. I n  t h i s  case, t he  extension curve shows a y i e ld  dent, so  t h a t  t he  y i e ld  
poin t  r i s e s ,  but t he  -p l a s t i c i ty  remains high f o r  two reasons: 

a. The motion of t he  d is loca t ions  i s  not re tarded by hydrogen clouds; 

b. The d is loca t ions  do not supply hydrogen atoms t o  t h e  g ra in  boundaries. 

A s  t he  temperature r i s e s ,  t he  mobil i ty  of t h e  hydrogen atoms increases ,  and 
a t  a ce r t a in  temperature Tn becomes comparable t o  the  ve loc i ty  of t he  dis loca-  

t i ons  a t  the  same deformation r a t e  vl. S t a r t i ng  a t  t h i s  temperature, t he  

Tn T'n TO T ' O  
Temperature 

Figure 1. Diagram of t h e  inf luence of t e s t i n g  
temperature and deformation rate on the  t rans-  
verse contract ion of t i tanium a l loys  sa tura ted  
with hydrogen. 
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dis loca t ions  begin t o  p a r t i a l l y  en t r a in  t h e  hydrogen atmospheres, and t h i s  
causes a decrease i n  p l a s t i c i t y .  

spheres are completely entrained by t h e  d is loca t ions .  

1' 

A t  some temperature T t n ,  t h e  hydrogen atmo- 

If t h e  deformation rate remains unchanged a t  v any f u r t h e r  r i s e  i n  t e m -  

pera ture  should not a f f e c t  the  p l a s t i c i t y  appreciably. 

Actually, from the  equation r e l a t i n g  t h e  deformation rate v t o  the  ve loc i ty  
of t h e  d is loca t ions  v t h e  d i s loca t ion  dens i ty  p ,  and the  minimum interatomic 

dis tance b ( r e f .  3 ) ,  
a' 

v = vdpb (1) 

it follows t h a t  under t h e  indicated conditions ( V  = const)  t he  quant i ty  of d i s -  
loca t ions  reaching t h e  boundary p e r  u n i t  t i m e  remains unchanged t o  a f irst  
approximation. 
motion of d i s loca t ions  should decrease t o  some extent  as the  temperature rises, 
t h e  amount of hydrogen supplied by t h e  d is loca t ions  t o  the  gra in  boundary w i l l  
be the  same as a t  temperature T I n .  Consequently, t he  specimens a t  temperatures 

above T I n  w i l l  exh ib i t  f a i l u r e  almost as b r i t t l e  as a t  temperature Tn. 

Although t h e  res i s tance  of t he  accompanying atmosphere t o  t h e  

F ina l ly ,  temperature To becomes so high t h a t  t h e  C o t t r e l l  atmospheres start  

being broken down by the  thermal motion. 
spheres decreases, and t h e i r  r e s i s t ance  t o  the  motion of t h e  d is loca t ions  de- 
creases .  I n  addi t ion,  each d is loca t ion  brings fewer hydrogen atoms t o  t h e  g ra in  
boundary than i n  t h e  case of lower temperatures. 

The dens i ty  of t h e  hydrogen atmo- 

I n  summary, beginning a t  temperature To, the  p l a s t i c i t y  r i s e s  sharply,  and 

when the  C o t t r e l l  atmospheres a r e  completely broken down, hydrogen b r i t t l e n e s s  
disappears.  

If the  deformation r a t e  i s  g r e a t e r  than vl, such as, v2, the  decrease i n  

p l a s t i c i t y  begins a t  a higher  temperature, s ince  the  mobil i ty  of the  hydrogen 
atoms should be g r e a t e r  a t  a g r e a t e r  ve loc i ty  of t he  d is loca t ions ,  so t h a t  these  
atoms can i n t e r a c t  with a moving d i s loca t ion  and accompany it. Fina l ly ,  a t  a 
c e r t a i n  deformation rate v t h e  temperature TIn ,  a t  which t h e  C o t t r e l l  atmo- 

spheres begin t o  be completely entrained by the  moving d is loca t ions ,  coincides 
with temperature To, above which t h e  C o t t r e l l  atmospheres are unstable ,  and a 

sharp minimum then appears on t h e  "plasticity-temperature" curve. 
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The temperature of t h e  complete r e s to ra t ion  of p l a s t i c i t y ,  T t O ,  apparently 

depends on the  deformation rate. As w a s  indicated earlier, above temperature 
TO, t he  Cot t re l l .  atmospheres become unstable  and are gradual ly  broken down by 

t h e  thermal motion. If it i s  considered t h a t  t he  moving d is loca t ion  s c a t t e r s  
i t s  energy along t h e  pa th  of i t s  motion and t h a t  f o r  t h i s  reason, i n  addi t ion  
t o  the  thermal energy, t he  adjacent atoms acquire  energy of s ca t t e r ing  which 
increases with r i s i n g  ve loc i ty  of t h e  d is loca t ion ,  then one should expect t h e  
temperature of t h e  complete r e s to ra t ion  of p l a s t i c i t y  t o  decrease with an in-  
creasing deformation r a t e .  

A t  s u f f i c i e n t l y  high deformation rates of t h e  order  of v4, t he  d is loca t lons  

escape from the  surrounding hydrogen atmospheres over t h e  e n t i r e  temperature 
i n t e r v a l  of exis tence of these  atmospheres. 

L e t  us  now tu rn  t o  a mathematical ana lys i s  of the  p i c tu re  drawn above. 
The c r i t i c a l  ve loc i ty  v 

moving d is loca t ions  is  given according t o  C o t t r e l l  (ref. 3) by the  equation 

a t  which t h e  atmospheres begin t o  be entrained by the  
C 

4D 
1 

vc = - 

where D i s  the diffusion coe f f i c i en t  of t he  impurity; 1 i s  the  c h a r a c t e r i s t i c  
length.  

The c h a r a c t e r i s t i c  length 1 may be found from t h e  equation 

where p i s  the  shear modulus; 8 are the  s t r e s s e s  caused by the  dissolved atoms; 
r i s  the radius  of t he  impurity atom; k i s  Boltzmann's constant;  T i s  the  
absolute temperature. 

On the  basis of equation (l), the  c r i t i c a l  deformation rate may then be 
expressed by the  equation 

4 DpbkT ucr= z7,pL = ___ 
/1 - 

-4 
Assuming t h a t  D = Doe kT, where Q is  the  ac t iva t ion  energy of t he  d i f fus ion  of 

hydrogen i n  t i tanium, we f ind  t h a t  
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Thus, i n  keeping wi th  the  general  assumptions made above, t he  c r i t i c a l .  de- 
formation r a t e  a t  which the  d is loca t ions  begin t o  en t r a in  the  hydrogen atmo- 
spheres increases  with r i s i n g  temperature. 
t h a t  t h i s  rate i s  independent of the  hydrogen content of t h e  a l loy .  

It i s  important t o  note, however, 

On t h e  contrary,  t h e  temperature a t  which t h e  p l a s t i c i t y  begins t o  be re-  
s tored ,  To, and the  r e l a t ed  temperature TI0  depend s t rongly  on t h e  average hy- 

drogen concentration Co (ref. 3) ,  so t h a t  

A where %ax i s  the  maximum bond energy of the  hydrogen atom, equal t o  - 
ro being the  minimum dis tance  of t he  impurity atom from the  d i s loca t ion  center  

ro + d '  

and d being the  e f f e c t i v e  d i s loca t ion  width. 

The dependence of T '  on t h e  hydrogen content i s  shown graphical ly  ( f i g .  2 ) .  0 

T2, T and T4 given by equation ( 3 ) ,  
1' 3 

The same f igu re  shows t h e  temperatures T 

below which the  hydrogen b r i t t l e n e s s  does not develop when the  tests a re  car r ied  
out  a t  t he  r a t e s  vl, v2, v3 and v4, s ince the ve loc i ty  of t he  d is loca t ions  con- 

s iderably  exceeds the  mobil i ty  of the atoms. Thus, the  temperature range i n  

Figure 2. Dependence of t h e  temperature 
range of hydrogen b r i t t l e n e s s  of t i tanium 
a l loys  on the  hydrogen content.  
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which t h e  hydrogen b r i t t l e n e s s  can develop is l imi ted  a t  t h e  top  by t h e  tempera- 
t u r e  of t he  breakdown of t h e  C o t t r e l l  atmospheres TO, and a t  t h e  bottom by t h e  

temperature Tn below which t h e  d is loca t ions  escape from t h e  C o t t r e l l  atmospheres. 

The poin t  of i n t e r sec t ion  charac te r iz ing  these  temperatures determines t h e  m a x -  
imum permissible hydrogen concentration up t o  which t h e  hydrogen b r i t t l e n e s s  is  
not manifested a t  a given deformation rate. Thus, f o r  example, a t  a deformation 
rate vl, hydrogen b r i t t l e n e s s  is  not displayed over t h e  e n t i r e  temperature in-  

t e r v a l  if the  hydrogen content i s  less than C 1’ 
If the  hydrogen concentration i s  g r e a t e r  than C t h e  temperature range of 1’ 

hydrogen b r i t t l e n e s s  increases  with r i s i n g  hydrogen content.  As t h e  deforma- 
t i o n  rate increases ,  t he  hydrogen concentration a t  which hydrogen b r i t t l e n e s s  
begins t o  be observed rises, and the  b r i t t l e n e s s  temperature range becomes 
smaller. 

Such a r e  the  bas ic  assumptions of t h e  d i s loca t ion  theory of hydrogen b r i t -  
t l eness .  The following question arises: How c lose ly  do they agree with t h e  ex- 
perimental  data? 
t r a c t i o n  of t h e  a l l o y  T i  140A ( 2  percent Fe; 2 percent  Cr; 2 percent  Mo) on the  
temperature of the  tests f o r  various displacement r a t e s  of t h e  cross-bars of 
the  rupture- tes t  machine (ref. 4) .  The q u a l i t a t i v e  agreement of t he  behavior 
of hydrogen-saturated t i tanium a l loys  predicted by the  theory with t h e  experi-  
mental da ta  i s  unquestionable. 

We i l l u s t r a t e  ( f ig .  3) the  dependence of the  t ransverse  con- 

The same da ta  make it poss ib le  t o  car ry  out  an approximate but quan t i t a t ive  
ve r i f i ca t ion  of t h e  proposed theory. If it i s  assumed i n  accordance wi th  Haynes 

( r e f .  5) t h a t  p = 4.10’’ dyneslcm 2 , r = 1.5*10-8 em, b = 3.10- 8 em, and 8 = 0.04, 

Temperature, OC 

Figure 3. Dependence of t he  t ransverse  contract ion 
of T i  140A on the  t e s t i n g  temperature a t  various 
deformation rates: 1, 25.4 mm/min; 2, 12.7 mm/min; 
3, 6.35 mm/min; 4, 2.54 mm/min; 5, 1.27 mm/min; 
6, 0.64 mm;min; 7,  0.13 mm/min. 
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then A = 6 . 5 - 1 0 - ~  erg em. 

the  order  of 10 
(3) are Do and Q. 

hydrogen d i f f i s i o n  i n  the  p phase of t he  a l l o y  T i  140A i n  the  temperature range 
of -120 t o  +50° i s  approximately 3000 cal/mole. Assuming the  d i f fus ion  coef f i -  
c i e n t  of hydrogen i n  the p phase of t he  a l l o y  T i  140A a t  room temperature t o  be 

the  same as i n  the  a l l o y  T i - 4  percent Al-4 percent Mn, namely 1.g*10-9 em /see, 
w e  f i nd  Do, and f o r  t he  c r i t i c a l  rate of re la t ive deformation w e  obtain t h e  

formula 

The d is loca t ion  densi ty  p i n  annealed metals i s  of 

8 Thus, t h e  only remaining unknown quan t i t i e s  i n  equation 
From reference 5 it follows t h a t  t he  a c t i v a t i o n  energy of 

2 

1500 
v = 4.8010-~pTe T l/min. 

8 8 For dis loca t ion  dens i t i e s  of O.5-lO , 0.75.10 and lo8 em-', t h i s  equation 
i s  represented graphical ly  ( f i g .  4). 
which the p l a s t i c i t y  of the  a.l.10~ T i  140A begins t o  decrease a t  various deforma- 
t i o n  r a t e s .  

The same graph shows the  temperatures a t  

Further,  i f  it i s  assumed t h a t  r = 1.5-10-8 em and b = 3 ~ 1 0 - ~  em, the  
0 

maximum bond energy um,turns out t o  be 0.093 eV. 

assumes the  form shown graphica l ly  i n  f igu re  5 .  The same graph shows t h e  

I n  t h i s  case, equation (4) 

m O n  

calculated curves 

' 7 : r ; 7 n t ;  ;e 

0 g z  44 4s PJ i n  12 

-730 ' 

-750 

v l/min l3' 
Figure 4. Temperature of the  start  of decrease i n  
p l a s t i c i t y  Tn versus deformation r a t e  vd f o r  a l l o y  

T i  140A: 

3, p = 10 0 ,  experimental points .  

1, p = 0.5-10 8 2, p = 0.75010 8 
8 
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Figure 5 .  Temperature of t h e  s tar t  of 
r e s t o r a t i o n  of p las t ic i ty  To versus hy- 

drogen content f o r  t h e  a l l o y  T i  140A: 
1, umax = 0.1 eV; 2, %ax = 0.09 eV; 

= 0.08 ev; 4, experimental curve. 3 ,  U m a x  

expected curves f o r  bond energies from 0.08 t o  0.1 eV, and gives  temperatures 
corresponding t o  t h e  sharp minimum on t h e  "cross sec t ion - t e s t ing  temperature" 
curves f o r  t he  a l l o y  T i  140A with various hydrogen contents.  

Since t h e  a r t i c l e  gives  a very approximate ca l cu la t ion  which includes a 
number of s implif icat ions,  due p a r t i c u l a r l y  t o  t h e  f a c t  t h a t  not a l l  t h e  physi- 
c a l  q u a n t i t i e s  are known i n  t h e  temperature i n t e r v a l  of i n t e r e s t ,  it should be 
recognized t h a t  t he  agreement between t h e  proposed mechanism of r e v e r s i b l e  hy- 
drogen b r i t t l e n e s s  of t h e  second kind and the  experimental data  i s  fully satis- 
factory.  
d i s loca t ion  theory of hydrogen b r i t t l e n e s s  w i l l  permit a more r igorous quanti-  
t a t i v e  i n t e r p r e t a t i o n  of t he  observed experimental f a c t s .  

It may be assumed t h a t  a f u r t h e r  development and refinement of the  

Summary 

1. A d i s loca t ion  theory of hydrogen b r i t t l e n e s s  developing a t  low deforma- 
t i o n  r a t e s  i s  proposed, based on t h e  assumption t h a t  on t h e  d i s loca t ions ,  hy- 
drogen forms C o t t r e l l  a twspheres  which are entrained by t h e  d i s loca t ions  over 
a c e r t a i n  temperature range. 
t h e  g ra in  boundaries, causing t h e  appearance of hydrogen segregations which 
f a c i l i t a t e  t h e  generation and propagation of cracks. 

The d i s loca t ions  t r a n s p o r t  t h e  hydrogen toward 

2. This theory makes it poss ib l e  t o  account f o r  t h e  basic  r e g u l a r i t i e s  
involved i n  t h e  hydrogen b r i t t l e n e s s  of a -k f3 a l loys :  
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a. Increase i n  t h e i r  tendency toward hydrogen b r i t t l e n e s s  with an increase 
i n  hydrogen content,  decrease i n  temperature, and decrease i n  the  deformation 
r a t e ;  

b. I n t e r c r y s t a l l i n e  character  of t h e  f a i l u r e ;  

c. Increase i n  t h e  temperature of t h e  t r a n s i t i o n  from viscous f a i l u r e  t o  
b r i t t l e  f a i l u r e  wi th  increasing hydrogen content.  

3. 
b r i t t l e n e s s  are i n  s a t i s f a c t o r y  agreement with t h e  experimental da t a  f o r  t h e  
a l l o y  T i  140A. 

The r e l a t ionsh ips  predicted by the  d i s loca t ion  theory of hydrogen 
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EFFECT OF ALLOYING ON THE PEYSICOCREMICAL PROPERTIES OF TITANIUM 

S. F. Kovtun and R. A. Ul'yanov 

Because of their high strength, low density, and high corrosion resist- 
ance, titanium and its alloys are finding increasingly wider applications in 
technology. 

In addition to the study of the mechanical properties of titanium-base 
alloys, the investigation of the physical properties of these alloys, partic- 
ularly the electrical resistivity and coefficient of linear expansion, are of 
scientific and practical interest. 

In the pr2ssnt work, a study was made of the influence of a series of 

The additions used 
additions on the variation intheelectrical resistivity and coefficient of 
linear expansion of titanium and also its oxidizability. 
were elements ccvpdtained in mass-produced Soviet alloys (aluminum, chromium, 
molybdenum) as well as elements which thus far have not been used for alloying 
but which can be employed to raise the high-temperature strength (rhenium, 
tantalum, iridium), the chemical stability (palladium, beryllium) and to im- 
prove the technological properties (lanthanum). The alloys were prepared by 
melting in an arc furnace with a nonconsumable electrode in an atmosphere of 
argon which was first purified by being passed through molten lithium (ref. 
1). 

The starting materials used were titanium sponge TGO, aluminum AOO, 
electrolytic chromium, 99.9 percent pure rhenium, and other elements of high 
purity. 

In order to achieve a uniform distribution of the alloying elements in 
the ingots, the alloys were remelted at least 5 times. To avoid the evapora- 
tion of volatile components during melting (chromium, lanthanum, etc. ), the 
argon pressure in the arc furnace was raised to the atmospheric value and 
higher. After the melting, the alloys were rolled into rods on a vacuum ro l l -  
ing mill; this caused an additional degassing of the metals and prevented 
their oxidation (ref. 2). Prior to the investigation, the specimens prepared 
from the rods were vacuum-annealed for 40 hours at 1200'. 
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E l e c t r i c a l  R e s i s t i v i t y  of t h e  Alloys 

The e l e c t r i c a l  r e s i s t i v i t y  of t h e  a l loys  w a s  s tudied i n  t h e  temperature 
range of -195 t o  1250O. 
i n  a vacum u n i t  with a r e s idua l  pressure i n  t h e  working chamber no higher  than 

The res i s t iv i ty  w a s  measured by the  compensation method 

mm E@. The measurements es tab l i shed  t h a t  as t h e  temperature r i s e s  from 
- 1 9 5 O  t o  about 350-400°, t h e  change i n  t h e  r e s i s t i v i t y  of both iodide and tech- 
n i c a l  t i tanium ( f i g .  1) w a s  l i nea r .  

As the  heat ing increased f u r t h e r ,  t he  temperature coe f f i c i en t  of t h e  elec-  

This may be explained by t h e  f a c t  t h a t  i n  t r a n s i t i o n  m e t a l s ,  
t r i c a l  res is t ivi ty ,  while remaining pos i t i ve ,  decreased i n  magnitude as t h e  
temperature rose. 
which include t i tanium, t h e  number of s e lec t rons  passing i n t o  t h e  d o r b i t a l  de- 
creases  with r i s i n g  temperature, and t h e  r e l a t i o n  p = f ( t )  deviates  from l i n e -  
ar i ty  (ref. 3) .  

I n  both technica l  and iodide t i tanium, the  e l e c t r i c a l  r e s i s t i v i t y  de- 
creases  sharply a t  882' due t o  a polymorphic transformation. 
t h e  temperature range of t h e  transformation i s  no g rea t e r  than 6 t o  loo, and i n  
technica l  t i tanium it widens t o  20' owing t o  t h e  presence of impuri t ies .  

I n  iodide t i tanium, 

As  the  temperature i s  ra i sed  f u r t h e r ,  t h e  r e s i s t i v i t y  of both iod ide  and 
technica l  t i tanium increases ,  but the  temperature coef f ic ien t  of t h e  r e s i s t i v i t y  
of ,&Ti i s  considerably smaller  than t h a t  of a - T i .  

The value of the  r e s i s t i v i t y  of iodide and t echn ica l  t i tanium and t h e  
charac te r  of t h e i r  temperature dependence are i n  agreement with t h e  d a t a  of 
reference 4. 

The inves t iga t ions  showed t h a t  the  e f fec t iveness  of t he  inf luence of al- 
loying elements on t h e  hardness and e l e c t r i c a l  r e s i s t i v i t y  of t i tanium ( f i g .  2) 
follow the  same p a t t e r n  as i n  the  case of metals of t he  cubic system. A t  the  
same atomic concentration, a g r e a t e r  increase i n  hardness and r e s i s t i v i t y  i s  
produced by a l loy ing  elements whose atomic diameters d i f f e r  more s t rongly  from 
t h e  atomic diameter of t i tanium, independently of t h e  type of t h e  c r y s t a l  
l a t t i c e .  The only exception islanthanum,which causes a l e s s  pronounced increase 
i n  hardness and r e s i s t i v i t y ;  t h i s  may be due t o  i t s  deoxidizing e f f e c t .  Lanthanum, 
which has a g rea t  a f f i n i t y  f o r  oxygen, r i d s  t i tanium of a ce r t a in  amount of i t s  
impuri t ies  . 

It follows from t h e  graphs of f igu res  3 and 4 t h a t  t h e  al loying of t i tanium 
causes an increase i n  the  e l e c t r i c a l  r e s i s t i v i t y  and changes the  temperature and 
range of t he  a p transformation. Among t h e  inves t iga ted  metals a t  equal con- 
centrat ions,  the  g r e a t e s t  increase i n  r e s i s t i v i t y  i s  produced by aluminum, rhe- 
nium, and chromium. The l e s s e r  increase  i n  r e s i s t i v i t y  upon a l loy ing  wi th  
molybdenum may be due t o  t h e  presence of t h e  B phase. The graphs a lso show 
t h a t  both i n  the a l loys  and i n  pure t i tanium, t h e  temperature coe f f i c i en t  of 
e l e c t r i c a l  r e s i s t i v i t y  decreases with t h e  temperature, and t h i s  decrease i s  more 
pronounced t h e  higher  t h e  content of t h e  a l loy ing  element. 



Figure 1. 
resis t ivi ty:  1, iodide t i tanium; 2, technica l  
t i tanium. 

Temperature dependence of e l e c t r i c a l  

4.’ 7 l 5  2 2.5 3 35 4 45 I 45 2 2.5 3 35 4 

Content of a l loy ing  element, Content of a l loy ing  element, 
a t .  percent  a t .  percent  

a b 
Figure 2. 
e l e c t r i c a l  r e s i s t i v i t y  (b)  of t i tanium a t  20°. 

Effec t  of a l loying elements on the  hardness (a)  and 

A t  temperatures from -196 t o  200°, the  higher  t h e  content of chromium i n  
t h e  a l loy ,  t he  more it r a i s e s  the  e l e c t r i c a l  res i s t iv i ty  of t i tanium. 
temperatures, t h e  r e s i s t i v i t y  of t h e  a l loy  with 4 wt percent  C r  (3.6 a t .  percent )  
i s  found t o  be smaller than i n  the  a l l o y  with 2 w t  percent  C r ,  which may be due 
t o  the  presence of a eutectoid i n  the  a l loy ,  or more probably of the  chemical 
compound TiCr2,  which e n t e r s  i n t o  the  eu tec to id .  

A t  h igher  

I n  t h e  region of t h e  B phase, t he  increase of r e s i s t i v i t y  i n  a l loys  with 
2 percent  Cr, and p a r t i c u l a r l y  i n  the  a l l o y  with 4 percent  Cr, i s  considerably 
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Figure 3. Temperature dependence of the  e l e c t r i c a l  r e s i s t i v i t y  
loys of t i tanium with aluminum, molybdenum, and chromium: a,  a l l o y  T i -  
m (1, 6 percent Al; 2, V T ~ ;  3, 4 percent Al; 4, 2 percent Al; 5, TGO); 
b, a l l o y  Ti-Mo (1, 4 percent  Mo; 2, 2 percent Mo; 3, Z O ) ;  c, a l l o y  
T i - C r  (1, 4 percent C r ;  2, 2 percent  Cr; 3, TGO); d, a l l o y  of the  sys- 
tem Ti-Al-Mo-Cr (1, 5 percent  Al + 2 percent  Mo + 2 percent C r ;  2, 2 
percent Al + 2 percent Mo + 2 percent Cr; 3, TGO) . 

f a l -  

l e s s  than i n  the  region of t h e  Q: phase. 
temperature of t he  Q: + (3 transformation, while aluminum raises it. 
the widening of t he  a -, p region upon a l loy ing  with aluminum which we observed 
i s  due t o  the  inf luence of oxygen and nitrogen, which are present  i n  t echn ica l  
t i tanium i n  l a r g e r  q u a n t i t i e s  than i n  the  iodide t i tanium used t o  p l o t  t h e  
Ti-A1 phase diagram i n  reference 5. 

Molybdenum and chromium lower t h e  
Apparently, 

Complex al loying leads  t o  an increase i n  r e s i s t i v i t y  over t h e  e n t i r e  range 
of -196 t o  1250'. The r e s i s t i v i t y  of t h e  a l loys  of t he  system Ti-Al-Mo-Cr i s  



Figure 4. Temperature dependence of t h e  e l e c t r i c a l  r e s i s t i v i t y  
of e l e c t r o l y t i c  a l loys  of t i tanium with rhenium, tantalum, 
palladium and lanthanum: a, a l l o y  Ti-Re (1, 3 percent  Re; 2, 1 
percent Re; 3, 0.7 percent  Re; 4, 0.4 percent  Re); b, a l l o y  
T i - T a  (1, 13 percent  Ta; 2, 6.5 percent Ta; 3, 1.7 percent  Ta; 
4, TGO); e, a l l o y  Ti-Pd (1, 2 percent  Pd; 2, 0.8 percent  Pd; 
3, 0.2 percent  Pd; 4, TGO); d, a l l o y  Ti-La (1, 2.2 percent  La; 
2, 1.8 percent La; 3, 1 percent La; 4, 0 .4  percent La). 

higher than i n  binary a l loys ,  p a r t i c u l a r l y  a t  room temperatures and negative 
temperatures. The temperature of t h e  start  of t h e  a + B transformation i n  com- 
plex a l loys  decreases, and the  transformation range expands t o  200-300° ins tead  
of t he  20' f o r  technica l  t i tanium. 
it r a i s e s  t h e  r e s i s t i v i t y  over t h e  e n t i r e  temperature range. It s t a b i l i z e s  t h e  
p phase by decreasing t h e  temperature of t he  a -, B transformation and extending 
t h e  a + p region, as w a s  found e a r l i e r  by o the r  methods of inves t iga t ion  (ref. 
6 ) .  

When up t o  1 w t  percent  rhenium i s  added, 

A t  3 w t  percent Re ,  t he  r e s i s t i v i t y  of t he  a l l o y  a l so  increases  wi th  the  
D 
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temperature, but l e s s  than i n  pure t i tanium and i n  a l loys  with a low rhenium 
content.  For t h i s  reason, a t  temperatures above 330°, owing t o  the  presence of 
t h e  f3 phase, t h e  r e s i s t i v i t y  i s  less than i n  a l loys  wi th  a rhenium concentra- 
t i o n  up t o  1 w t  percent  and even less than i n  pure t i tanium. 

When t i tanium i s  alloyed wi th  tantalum (up t o  10  w t  percent ) ,  t h e  r e s i s t i v -  
i t y  changes i n s i g n i f i c a n t l y  over t h e  e n t i r e  temperature range. 
above 600°, t h e  a l loys  of t h e  system Ti-Ta  have a lower r e s i s t i v i t y  than tech- 
n i c a l  titanium. 
appreciably.  

A t  temperatures 

Tantalum lowers t h e  temperature of t h e  a -, (3 transformation 

I n  a l loys  of t i tanium with palladium, t h e  r e s i s t i v i t y  increases  over t h e  
e n t i r e  temperature range as t h e  palladium content rises. 
temperature of t h e  a -, f3 transformation by s t a b i l i z i n g  t h e  f3 phase. l  
s l i g h t l y  increases  t h e  r e s i s t i v i t y  of t h e  alloys over the  e n t i r e  temperature 
range. Lanthanum a l s o  s l i g h t l y  increases  the  temperature of the  polymorphic 
transformation of t i tanium, as w a s  es tab l i shed  e a r l i e r  by other  methods of 
inves t iga t ion .  

Palladium lowers t h e  
Lanthanum 

Thermal Expansion 

The coe f f i c i en t  of l i n e a r  expansion of the  a l loys  w a s  measured by means of 
a vacuum di la tometer  having a reading sca l e  wi th  a prec is ion  of 0.002 mm. The 

vacuum w a s  maintained a t  P ~ O - ~  mm 
t i o n  pe r  u n i t  length were p lo t t ed  by taking i n t o  account t h e  expansion of the  
quartz  of the  dilatometer.  

a t  a l l  temperatures. Graphs of t he  elonga- 

Results of t h e  measurements showed t h a t  t he  d i la tomet r ic  curves of iodide 
and technica l  t i tanium ( f ig .  5 )  coincide up t o  800~. 

A t  t he  temperature of t he  phase transformation the re  i s  observed a d9s t inc t  
i n f l e c t i o n  ind ica t ing  a change i n  t h e  coe f f i c i en t  of l i n e a r  expansion associated 
with t h e  transformation t o  the  f3 phase. 

I n  accordance with t h e  graph, t h e  temperature dependence of the  l i n e a r  ex- 
pansion i n  the  range from zero t o  TOO0 i s  expressed by t h e  formula 

It =I, (1 + a’t + Pt”, 

where a’ = 8.0.10‘ 6 , f3 = 2.7010-~, and t i s  the  temperature i n  OC. 

I n  the  indicated temperature range, t he  coe f f i c i en t  of l i n e a r  expansion 

’At a content of 0.4 w t  percent  Pd, t he  r e s i s t i v i t y  of t h e  a l l o y  increases  
i r r e g u l a r l y  over t h e  e n t i r e  temperature range. 



According t o  Grfineisenfs equation, t h e  breakdown of t he  c r y s t a l  l a t t i c e  
( fusion)  of pure metals occurs at temperatures at  which t h e  volume increases  by 
6 percent  over t h e  volume a t  absolute  zero. Hence, t he  lower the  melting po in t  
of t he  metal, t h e  higher  t he  coe f f i c i en t  of l i n e a r  expansion, s ince i n  t h i s  
case a 6 percent  increase i n  volume takes  p lace  over a narrower temperature 
range, from absolute  zero t o  t h e  melting point .  

expansion depends pr imar i ly  on t h e  content of t h e  al loying elements ( f ig .  6) .  
The higher  t he  concentration of t h e  a l loy ing  element, t h e  g r e a t e r  i s  t h e  change 
i n  t h e  coef f ic ien t  of l i n e a r  expansion. 

When t i tanium i s  alloyed, t he  change i n  t h e  average coe f f i c i en t  of l i n e a r  

On al loying with chromium, aluminum, lanthanum and palladium, the  coef f i -  
c i e n t  of l i n e a r  expansion of t he  a l loys  increases ,  while tantalum, molybdenum, 
and p a r t i c u l a r l y  rhenium decrease t h i s  coe f f i c i en t .  Rhenium, tantalum, chromium 

Figure 3. Dilatometric curves of iodide (1) and 
t echnica l  (2) t i tanium and temperature dependence 
of t he  medium (0-400') coe f f i c i en t  of l i n e a r  ex- 
pansion of t i tanium. 

I I I 1 -  I I I 

7 z 3 4 5 6 

Content of a l loying element, w t  percent  

Figure 6. 
of thermal expansion of t i tanium i n  t h e  range of 0-400°. 

Effec t  of a l loy ing  elements on t h e  medium coe f f i c i en t  
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and molybdenum have a lower coe f f i c i en t  of l i n e a r  expansion than t i tanium, 
while i n  palladium and aluminum, t h i s  coe f f i c i en t  i s  higher  than i n  t i tanium. 

The change i n  the  coe f f i c i en t  of l i n e a r  expansion upon alloyTng i s  ch ie f ly  
determined by t h e  r e l a t i o n  of t h e  coe f f i c i en t s  of l i n e a r  expansion of t h e  base 
of t h e  a l l o y  t o  t h a t  of t he  a l loy ing  elements. 
increase i n  t h e  coe f f i c i en t  of l i n e a r  expansion of t i tanium on al loying with 
chromium, whose coe f f i c i en t  i s  smaller than t h a t  of t i tanium. I n  addi t ion,  t h e  
average coe f f i c i en t  of l i n e a r  expansion i s  a f fec ted  by t h e  phase composition of 
t h e  a l loys  (at t h e  concentrations studied, t h e  a l loys  wi th  chromium may contain 
the  chemical compound TiCr2 ) .  

This i s  probably what causes t h e  

I n  a study of t h e  e f f e c t  of a l loying on t h e  coe f f i c i en t  of l i n e a r  expan- 
sion, it w a s  noted t h a t  when t h e  a l loys  w e r e  heated to temperatures above those 
of t h e  phase transformations and subsequently cooled, a res idua l  change i n  the  
length  of t h e  specimens took place (at thermal cycles  below t h e  temperature of 
phase transformations p r a c t i c a l l y  no change i n  t h e  length of the  specimens w a s  
observed. 
ence of thermal cycles on m e t a l s  and a l loys  ( r e f s .  8 and 9 ) ,  it appeared in-  
t e r e s t i n g  t o  car ry  out  these  inves t iga t ions .  

Since no d a t a  on t i tanium are given i n  works devoted t o  the  in f lu -  

The measurements showed t h a t  t he  most e f f e c t i v e  change i n  length  w a s  d i s -  
played by specimens of a l loys  of t i tanium with molybdenum, although s m a l l  
changes were noted i n  specimens of pure t i tanium and i t s  a l loys  wi th  chromium, 
aluminum, palladium, tantalum and o the r  m e t a l s .  The specimens were heated and 
cooled i n  a vacuum. 
deg/min. 

The heating r a t e  w a s  1 deg/min, and t h e  cooling rate, 18 

The heat ing curves of all t h e  cycles  at  t h e  phase transformation tempera- 
t u r e  (about 8 8 0 ~ )  c l e a r l y  show an i n f l e c t i o n  ind ica t ing  a decrease i n  t h e  co- 
e f f i c i e n t  of l i n e a r  expansion of the  p phase ( f ig .  7). When t h e  a l l o y  i s  
cooled from 1000° t o  t he  phase transformation temperature, the  cooling curve 
coincides with the heating curve. 
formation, t he  cooling curve shows an abrupt contract ion i n  the  length  of t he  
specimen (0.02-0.03 percent ) ,  due t o  a decrease i n  volume as a r e s u l t  of t he  
s h i f t  i n t o  t h e  region of t he  a phase. The heating and cooling rates employed 
give rise t o  a ce r t a in  temperature grad ien t  along the  c ross  sec t ion  of t h e  
samples, and the  a + f3 and f3 + a  transformations encompass successive layers 
of the mater ia l ,  moving from t h e  edge t o  t h e  center.  

A t  t he  temperature of t h e  phase f3 + a  t rans-  

The d i f fe rence  i n  t h e  atomic volume of t he  a and f3 phases i n  the  specimen 
gives  rise t o  stresses which r e l ax  following p l a s t i c  flow, and t h i s  accounts 
f o r  t he  deformation. 

Since t h e  atomic volume of t h e  a phase i s  less than t h a t  of t h e  f3 phase, 
then during heating, the  upper l aye r s  by changing i n t o  t h e  f3 phase have a 
g r e a t e r  volume and tend t o  expand t h e  p a r t  of t he  specimen i n  t h e  a phase. 

On cooling, t he  upper layers ,  which assume the  s t ruc tu re  of t h e  a phase, 
cont rac t  t he  inner  por t ion  of t h e  specimen i n  the  f3 phase. 
t u r e  grad ien t  along t h e  cross  sec t ion  of t h e  specimen i s  g r e a t e r  during cooling 
than during heating ( the  cooling r a t e  i s  higher  than t h e  heating rate), then 

Since t h e  tempera- 
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Figure 7. Se r i e s  of d i la tomet r ic  curves 
of t h e  a l l o y  Ti-Mo (2 w t  percent  Mo) . 

even i f  one assumes the  same y ie ld  po in t  of t h e  Q! and p phases a t  t h e  t rans-  
formation temperature, t h e  contract ing stresses on cooling w i l l  be g r e a t e r  than 
the  expanding stresses on heating. For t h i s  reason, t h e  length  of t h e  t i t an ium 
a l l o y  decreases i r r e v e r s i b l y  on slow heating and fast cooling ( f ig .  7). Another 
cause of t h e  deformation of t i tanium and i t s  a l loys  may be t h e  phase transforma- 
t i o n s  which take  place i n  t h e  metastable /3 s o l i d  so lu t ions  i n  the  inves t iga ted  
a l loys  during cooling (from t h e  formation of a' and w phases t o  equi l ibr ium 
s t ruc tu res ) .  The increase i n  t h e  s t a b i l i t y  of t h e  /3 phase during cooling i s  
obviously t h e  reason f o r  t h e  g r e a t e r  ( f ive-fold)  deformation of specimens of 
a l loys  of t h e  system Ti-Mo as compared t o  t h e  deformation of specimens of tech- 
n i c a l  t i t an ium ( f ig .  8). 
system Ti-Mo i s  observed i n  specimens of pure zirconium and iron. 

Amagnitude of the  same order  as i n  the  a l l o y  of t h e  

Oxid izabi l i ty  of Alloys a t  High Temperatures 

I n  addi t ion  t o  studying t h e  phys ica l  p rope r t i e s  of the  a l loys ,  it appeared 
i n t e r e s t i n g  t o  inves t iga t e  t h e  inf luence of t h e  alloy5ng elements on t h e  oxidiz- 
ab i l i t y  of t i tanium and depth of d i f f u s i o n a l  s a tu ra t ion  of t h e  metal by gases 
i n  the  course of t h e  oxidation. The o x i d i z a b i l i t y  of t h e  a l l o y s  w a s  s tudied 
pr imar i ly  by determining t h e  increase i n  weight f o l l a r i n g  in t e rmi t t en t  exposures 
t o  t h e  t e s t i n g  temperature. 

When t i tan ium i s  al loyed wi th  aluminum, t h e  o x i d i z a b i l i t y  of t h e  a l l o y s  at  
800° increases  wi th  r i s i n g  aluminum concentration ( f ig .  9 ) .  
dat ion  rate of t h e  a l loys  decreases wi th  r i s i n g  aluminum content, bu t  remains 
above the  oxidat ion r a t e  of t i tanium. Obviously, t h e  decrease i n  the  oxida- 
t i o n  rate i s  caused i n  t h i s  case by a change i n  the  composition of the  oxide 

A t  goo0, t he  oxi- 
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Figure 8. 
specimens on the  number of cycles  ( f o r  t i tanium 
and the  a l l o y  Ti-Mo, a temperature range of 1000- 
20°, and f o r  zirconium and i ron ,  1000-250°): 
1, t i tanium TGO; 2, a l l o y  Ti-Mo; 3, iodide z i r -  
conium; 4, "armco" i ron.  

Dependence of t h e  dimensions of m e t a l  
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Figure 9. Oxid izabi l i ty  of a l loys  of t i tanium with aluminum, 
chromium, and molybdenum at 800 and gooo: 
percent  C r ;  2, 2 percent  C r ;  3, 6 percent  Al; 4, 2 percent  Mo; 
5, 4 percent  Al; 6, T i ;  7, 2 percent  Mo); b, t = 9000 (1, 4 per- 
cent C r ;  2, 2 percent  C r ;  3, 6 percent =; 4, 4 percent !it; 
5 ,  4 percent  Mo; 6, T i ;  7, 2 percent  Mo). 

a, t = 800° (1, 4 

f i l m  and i t s  s in te r ing .  The change i n  t h e  chemical composition of t h e  oxide 
film i s  indicated by da ta  of t h e  chemical ana lys i s  of the  sca l e  on a titanium- 
aluminum a l l o y  (ref. 10) and also by an appreciable increase i n  the  s t a b i l i t y  
t o  oxidation of an a l loy  with 3.5 percent  Al at  TOO0 (ref. 11). 

I 



The oxidat ion rate of a l loys  of the  system Ti-Mo at  800 and gooo i s  c lose  
to t he  oxidat ion rate of t echn ica l  t i tanium. The inf luence of molybdenum addi- 
t i o n s  on the  o x i d i z a b i l i t y  of t i tanium did not shuw any d e f i n i t e  regular i ty .  

Alloying with chromium causes an appreciable increase i n  the  oxidat ion rate 
of t h e  a l loys  a t  800 and gooo. The oxidation rate increases  with r i s i n g  chro- 
m i u m  concentration. FXperimental d a t a  on the  inf luence of chromium, aluminum 
and molybdenum on t h e  o x i d i z a b i l i t y  of t i tanium are i n  agreement wi th  t h e  da t a  
of references 1 0  and 11. 

The a l loy ing  of t i tanium with tanta.lum and p a r t i c u l a r l y  lanthanum ( f ig .  
S O )  causes a rise i n  t h e  oxidat ion rate a t  800°, which increases  with r i s i n g  
concentration of these  elements. 

Alloying of t i t an ium with palladium and rhenium has a favorable inf luence 
on t h e  p ro tec t ive  p rope r t i e s  of t he  oxide f i l m .  The oxidat ion rate of a l l o y s  
of t i tanium wi th  palladium during t h e  i n i t i a l  s tage of oxidat ion i s  somewhat 
g r e a t e r  than t h a t  of pure t i tanium, but later, owing t o  the  bet ter  p ro tec t ive  
p rope r t i e s  of the oxide f i l m ,  it decreases. The oxidation rate of a l l o y s  con- 
t a in ing  0.4 w t  percent Pd remains less than t h a t  of t i tanium over the  course 
of t h e  e n t i r e  period of oxidation. A t  low rhenium concentrations,  t h e  oxidiz- 
a b i l i t y  of t he  a l loys  is  somewhat g r e a t e r  than t h a t  of pure t i tanium. However, 
a t  concentrations as l o w  as 3 w t  percent  Re, the  oxidation rate becomes ap- 
prec iab ly  lower than t h a t  of pure t i tanium. 
t i o n  curves p lo t t ed  f o r  pure t i tanium and an a l l o y  of t i tanium with 3 w t  per- 
cent  Re it follows t h a t ,  i n  con t r a s t  t o  t h e  curve for t h e  oxidation of pure 
t i t an ium (fig. ll), t he  oxidation curve of t he  a l l o y  does not show any appre- 
c i ab le  s c a t t e r  of t h e  experimental points ,  ind ica t ing  a more uniform oxidat ion 
process.  The main weight increase occurs during the  f i rs t  hour (0.2 mg/cm2). 
During t h e  next two hours, t h e  weight increase i s  only 0.05 mg/cm*. 

From an ana lys i s  of k i n e t i c  oxida- 

I n  cont ras t  t o  t i tanium, on which there  i s  formed a yellowish f i l m  which 
pee l s  o f f  readi ly ,  t h e  a l l o y  of t i tanium with 3 w t  percent  Re becomes coated 
wi th  a steel-colored f i l m  which adheres f a i r l y  w e l l  t o  the  metal. The change 
i n  t h e  co lor  of t he  oxide f i lm  ind ica t e s  an appreciable  degree of pene t ra t ion  
of rhenium i n t o  t h e  scale .  The f i l m  did not pee l  o f f  after the  samples were 
exposed t o  800' f o r  72 hrs.  

According t o  Wagner's theory,  t h e  oxidat ion rate during alloyLng may be 
reduced by decreasing t h e  number of defec ts  i n  t h e  l a t t i c e  of t he  sca le .  

t o  t he  d i f fus ion  of oxygen through t h e  oxide layer; t h e  f r o n t  of t he  reac t ion  
i s  located a t  the  oxide-metal phase boundary (ref. 12). I n  t h i s  case, t h e  
introduct ion of ions with a higher valence (above fou r )  should decrease t h e  
concentration of t h e  oxygen vacancies and the  oxidation r a t e ,  while on t h e  con- 
t r a r y ,  the  addi t ion  of ions of lower valence should increase the  concentration 
of oxygen vacancies and the  oxidation rate. The increase i n  the  oxidat ion r a t e  
upon al loying with chromium, aluminum, and lanthanum, and decrease i n  t h e  oxi- 
da t ion  rate on al loying wi th  rhenium are i n  accord with Wagner's theory, bu t  
t h e  l a t te r  i s  contradicted i n  t h e  case of a l loying with tantalum and 

Titanium dioxide i s  an anion-deficient oxide, and t i tanium i s  oxidized owing . ,  
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Figure 10. Effect  of a l loying with tantalum, lanthanum, 
palladium and rhenium on the  ox id izab i l i t y  of t i tanium 
a t  8 0 0 ~ :  1, 3 percent  La; 2, 1.8 percent La; 3, 0.5 per- 
cent Re; 4, 0.5 percent La; 5 ,  1 percent  %; 6, T i ;  7, 3 
percent  %; 8, 13 percent  Ta; 9 ,  5 percent  Ta; 10, 3 per- 
cent Pd; 11, 0.6 percent Ta; 12, 1 percent  Pd; 13, 0.4 
percent  Pd. 
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Figure 11. Kinet ic  curves of oxidat ion Gf 
t i tanium and t h e  a l l o y  T i  + 3 percent  Re, 

molybdenum. 
with tantalum and molybdenum i s  apparently due t o  a s l i g h t  pene t ra t ion  of these  
elements i n t o  t h e  scale.  

The disagreement with Wagner's theory i n  the  case of a l loying 

Alloys of t i tanium and rhenium deserve p a r t i c u l a r  a t ten t ion .  
a s t a b i l i z e r  of t h e  f3 phase (ref. l3), raises t h e  hardness and s t rength  of t he  
alloys considerably, as w e l l  as t h e  r e c r y s t a l l i z a t i o n  temperature (ref , 14). 

Rhenium i s  

W e  have es tab l i shed  t h a t  rhenium i s  very e f f ec t ive  i n  preventing the  
growth of gra ins  when t h e  metal i s  heated (f ig .  12) and slows down the  diffusion 



Figure 12. 
a, 0.1 percent  Re; b, 0.3 percent  Re; c, 1 .0  percent  Re; d,  3 per-  
cent Re. 

Microstructure of a l loys  of t i tanium with rhenium, x 70: 

of oxygen and nitrogen i n t o  the  metal during heating. 
vest igated a l loys  containing up t o  5 w t  percent  Re are  
and s t r i p s  and a r e  s a t i s f a c t o r i l y  machined by cut t ing.  
assumption t h a t  a l loying with rhenium, p a r t i c u l a r l y  i n  
posi t ion,  may tu rn  out t o  be very e f f ec t ive  i n  r a i s i n g  
s t rength  of  the al loys.  

I n  addi t ion,  t he  in- 
e a s i l y  ro l l ed  i n t o  bars 

A l l  t h i s  l eads  t o  the  
a l loys  of complex com- 
the  high- temperature 

i 
i 

i 



When t i tanium i s  oxidized, i n  addi t ion t o  the  formation of the  oxide f i l m ,  
t h e  surface l a y e r  of t h e  metal becomes saturated with oxygen and nitrogen, and 
t h i s  causes an appreciable increase i n  the  hardness of the  m e t a l  and a decrease 
i n  i t s  p l a s t i c i t y .  

For t h i s  reason, it w a s  i n t e re s t ing  t o  study the  influence of a l loying 
elements on the  d i f fus ion  of atmospheric gases i n t o  the  m e t a l .  

The study w a s  car r ied  out by measuring the  microhardness (a t  a load of 
50 g)  along the  d i r ec t ign  from the  surface t o  the  center  of the  samples fo l -  
lowing oxidation a t  800 f o r  72 hrs.  

It was found t h a t  i n  a l loying with tantalum and lanthanum, t h e  depth of 

Palladium has l i t t l e  e f f e c t  on t h e  depth of oxygen 
oxygen d i f fus ion  i n t o  the  m e t a l  increases  as the  concentration of t he  al loying 
element rises ( f i g .  13). 
d i f fus ion .  It i s  c h a r a c t e r i s t i c  t h a t  t he  alloy with 0.4 w t  percent Pd i s  d is -  
t inguished by a g rea t  hardness. Ea r l i e r ,  an abnormally high e l e c t r i c a l  re- 
s i s t i v i t y  and a high oxidation res i s tance  were observed i n  an a l l o y  of t h i s  
composition. The microstructure of the  a l loy  has a cha rac t e r i s t i c  "basketl ike" 
s t ruc tu re .  

d 

Distance f r o m  surface, mm 

Figure 13. Variat ion i n  microhardness (measured with a 
FMT-3 instrument a t  a load of 50 g )  i n  the  alloys: a, Ti-Ta 
(1, 10 percent Ta; 2, 5 percent  Ta; 3, 1. percent Ta; 4, 0 per- 
cent  Ta) ;  by Ti-Pd (1, 0.4 percent Pd; 2, 3 percent Pd; 3, 1 
percent Pd; 4, 0.1 percent  Pa); c,  Ti-Re (1, 3 percent Re; 
2, 1 percent Re; 3, 0.5 percent Re; 4, 0.2 percent Re); d, 
Ti-La (1, 3 percent  La; 2, 0.5 percent  La; 3, 0.1 percent  La) .  
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Amore pronounced decrease i n  t h e  depth of d i f fus ion  of gases i n t o  the  
m e t a l  i s  observed when t i tanium i s  alloyed wi th  rhenium. 
graph t h a t  t he  depth of t h e  d i f fus ion  layer decreases with r i s i n g  concentration, 
and i s  less than 0.1 mm a t  a content of 3 w t  percent  Re ( f o r  iod ide  t i tanium, 
4 . 4  mm). Since it i s  somewhat d i f f i c u l t  t o  insure  a s u f f i c i e n t  high-temperature 
oxidation res i s tance  of t h e  a l loys  during t h e  al loying,  w e  invest igated t h e  pos- 
s i b i l i t i e s  of obtaining p ro tec t ive  coatings on t i tanium and i t s  a l loys  by clad- 
ding, p a r t i c u l a r l y  s ince e l e c t r o l y t i c  coatings and coatings obtained by 
d i f fus iona l  sa tura t ion  have not produced s a t i s f a c t o r y  results thus f a r  (refs. 
15-18). 
a l so  against  t he  act ion of oxygen-containing media ( r e f s .  19, 2 0 ) .  

It i s  apparent from t h e  

Such coatings could give pro tec t ion  not only against  oxidat ion but 
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1. When t i tanium i s  alloyed i n  t h e  region of so l id  so lu t ions ,  the  change 
i n  hardness and e l e c t r i c a l  r e s i s t i v i t y  a t  temperatures from - 1 9 6 O  t o  t he  t e m -  
pera tures  of phase transformations i s  determined by t h e  r e l a t i v e  atomic diam- 
e t e r s  and chemical nature  of t he  al loying elements. Elements wi th  a g r e a t e r  
d i f fe rence  i n  atomic diameters and chemical p rope r t i e s  a t  the  s a m e  concentra- 
t i o n s  cause a g rea t e r  increase i n  hardness and e l e c t r i c a l  r e s i s t i v i t y .  

2. As t h e  temperature is  ra i sed ,  t h e  temperature coe f f i c i en t  of t h e  
e l e c t r i c a l  r e s i s t i v i t y  of t i tanium and i t s  a l loys  increases  i n  magnitude while 
remaining pos i t i ve .  
t h e  a l loys  i s  more pronounced t h e  higher  the  concentration of t h e  al loying 
elements . 

The decrease i n  the  coef f ic ien t  of l i n e a r  expansion of 

3. Alloying elements i n  concentrations soluble  i n  the  a phase with a 
coe f f i c i en t  of thermal expansion smaller than t h a t  of t i t an ium decrease t h e  
coe f f i c i en t  of thermal expansion of t h e  a l loys ,  while a l loy ing  elements with 
a coe f f i c i en t  g rea t e r  than t h a t  of t i tanium increase t h i s  coef f ic ien t .  

4. A t  thermal cycles  encompassing the  region of phase transformations,  an 
i r r e v e r s i b l e  change i n  shape takes  place i n  t i tanium and i t s  a l loys  as a r e s u l t  
of t he  re laxa t ion  of t he  s t r e s s e s  a r i s i n g  during the  phase transformation. 

5. Chromium, tantalum and lanthanum markedly increase the  oxidat ion r a t e  
of t i tanium a t  8 0 0 ~ .  Palladium i n  s m a l l  concentrations and rhenium have a fav- 
orable  e f f e c t  on the  p ro tec t ive  p rope r t i e s  of t h e  oxide f i l m  a t  t h i s  tempera- 
t u r e .  Rhenium s u b s t a n t i a l l y  decreases the  oxidat ion and depth of d i f fus ion  of 
the gases i n t o  the  metal. 
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DEZER4INATION OF THE: CHARACTERISTICS OF THE INTERDIFFUSION OF TITANIUM 
AND MOLYBDENUM FROM THE ATTE3YUATION OF y RADIATION 

A. Ya. Shinyayev, V. 0. Akopyan, L. F. Sokiryanskiy 
and I. V. Bogolpbova 

The study of t h e  i n t e r d i f f u s i o n  of t i tanium and molybdenum i s  of g r e a t  
t h e o r e t i c a l  i n t e r e s t ,  s ince  these  metals d i f f e r  s t rongly  i n  physical  p rope r t i e s ,  
and t h i s  may s u b s t a n t i a l l y  a f f e c t  t he  d i f fus ion  process.  Furthermore, t h e  
study of t h i s  problem i s  of g r e a t  p r a c t i c a l  i n t e r e s t .  
shown t h a t  i n  order  t o  obta in  a good adhesion between a molybdenum coating and 
t i tanium and i t s  a l loys ,  t h e  formation of d i f fus ion  l aye r s  i s  necessary between 
the  base m e t a l  and t h e  coating, and t h e  bonding s t rength  i s  d i r e c t l y  r e l a t ed  
t o  t h e  thickness  and s t r u c t u r e  of these  l aye r s .  For t h i s  reason, a r a t i o n a l  
s e l ec t ion  of t h e  temperature condi t ions f o r  applying the coating ( t h i s  insures  
the  c rea t ion  of a d i f fus ion  zone of d e f i n i t e  thickness)  and the  knowledge of 
the  c h a r a c t e r i s t i c s  of the  s t r u c t u r e  of t h e  d i f fus ion  zone made it necessary t o  
study t h e  rate of i n t e r d i f f u s i o n  between t i tanium and molybdenum. The material 
used t o  prepare t h e  samples w a s  t i tanium obtained from t i tanium sponge TGOO by 
double fusion i n  a vacuum e l e c t r i c  a r c  furnace with the  use of a consumable 
e lec t rode  and cas t  molybdenum. 
mm i n  diameter were subjected t o  homogenizing annealing f o r  6 h r s  a t  1250°. The 
annealed rods were used t o  prepare samples i n  t h e  shape of beakers; a molybde- 
num plug 8 mm i n  diameter and 12  mm long w a s  pressed i n t o  the  opening of these  
samples. 
carbon te t rachlor ide .  The homogenizing of t he  samples w a s  car r ied  out  i n  a 
vacuum at  temperatures of 905, 1005, 1100, 1111 and 1210' with a holding t i m e  
of 7-240 hrs .  

I n  reference 1 it w a s  

After preliminary s t r ipp ing ,  t i tanium rods 18 

P r i o r  t o  t h e  pressing,  t h e  samples were degreased i n  benzene or 

A t  the f irst  s tage  of t h e  experiments, i n  order  t o  s tudy t h e  i n t e r d i f f u s i o n  
between t i tanium and molybdenum, t h e  microhardness w a s  measured and the  micro- 
s t r u c t u r e  of t he  d i f fus ion  l aye r s  w a s  examined. However, these methods d id  not  
permit the  determination of t he  ex ten t  of t h e  d i f fus ion  zone. The values of  
t h e  microhardness associated wi th  a change i n  t h e  concentration of t he  t i t an ium 
and molybdenum components d i f f e r  only s l i g h t l y ,  so t h a t  p r a c t i c a l l y  no d i f fu -  
s ion  zone i s  observed. The d i f fus ion  zone of Ti-Mo does not show up i n  t h e  
micros t ruc tura l  ana lys i s  e i t h e r .  

I n  the  present  work, i n  order  t o  determine t h e  concentrat ion of t i t an ium 
and molybdenum i n  t h e  d i f fus ion  zone, usewas made of a new method based on t h e  
p r inc ip l e  of a t tenuat ion  of t h e  i n t e n s i t y  of a narrow beam (10-15 p wide) of y 
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r ad ia t ion  passing through various microsections of t h e  zone. 
method and c e r t a i n  f e a t u r e s  of the  apparatus used t o  perform t h e  analysis  of t he  
d i f fus ion  zone are described i n  reference 2. 

Details of t h i s  

I n  order  t o  s tudy t h e  d i f fus ion  layers by t h i s  method, p l a t e s  1.5-2.0 mm 
t h i c k  w e r e  cu t  from t h e  annealed specimens and reduced t o  a thickness  of 75-150 
p *by p lane-para l le l  grinding. The specimen w a s  mounted on a spec ia l  base con- 
nected t o  a series of micrometer screws p a r a l l e l  t o  t h e  working s l i t  emit t ing a 
beam of radioact ive rad ia t ion .  The device w a s  used t o  determine t h e  curves of 
t h e  a t tenuat ion  of y r ay  i n t e n s i t y  i n  passing from molybdenum t o  t i tanium over 
t h e  e n t i r e  d i f fus ion  zone every 3 p. L e t  us examine a t y p i c a l  curve f o r  a 
specimen annealed a t  l l O O o  f o r  40 h r s  ( f i g .  1). It i s  apparent from t h e  f igu re  
t h a t  i n  passing from t i tanium t o  molybdenum, t h e  r ad ia t ion  i n t e n s i t y  changes by 
a f a c t o r  of no l e s s  than 15. This makes it poss ib le  t o  ca r ry  out t h e  ana lys i s  
for the  content of t i tanium and molybdenum i n  each segment of t h e  zone with 
g rea t  precis ion.  

The r e l a t i o n  between the  degree of absorption of y rad ia t ion ,  given by the  
r a t i o  of t he  i n t e n s i t y  of y r ad ia t ion  which has t raversed the  sec t ion  of t h e  
specimen under considerat ion t o  t h e  o r i g i n a l  i n t e n s i t y  of t he  incident  radia-  
t ion ,  and the  concentrations of t h e  components of t h e  binary system may be de- 
r ived from t h e  following system of equations: 

1 where p i s  the  l i n e a r  absorption coe f f i c i en t ,  cm- ; p i s  t h e  densi ty ,  g/cm3; 
p i s  the  weight f r a c t i o n  of t he  component; c i s  t h e  concentration of t h e  com- 
ponent, at.  percent;  I i s  t h e  counting sate, cpm; b i s  the  thickness  of t h e  
specimen, cm; x i s  the  pos i t i on  of t h e  microsection being analyzed r e l a t i v e  t o  
the  d i f fus ion  zone. 

Subscr ipts  1 and 2 p e r t a i n  t o  pure t i tanium and molybdenum, respect ively.  

By solving system (1) with respect  t o  t h e  concentration cl(x) after sub- 

s t i t u t i n g  the  values of the  absorption coe f f i c i en t s  IJ. and dens i ty  of t h e  com- 

ponents p (hi = 94 em-'; %o = 335 em-'; pTi = 4.505 g/cm3; pMo = 10.22 g/cm3) 

we obtain t h e  following equation f o r  determining the t i tanium concentration as 

_. . . . .. . . . . . - . . . , . . . . . , , . . . . .- . . . ._ .. - . 
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Figure 1. Change i n  the  i n t e n s i t y  of 
y r ad ia t ion  passing through the  d i f fu-  
s ion  zone from titani.um t o  molybdenum. 

a funct ion of t he  i n t e n s i t y  of the  r ad ia t ion  passing through each segment of 
the  specimen whose pos i t i on  i s  given by the  coordinate x: 

A nomogram ( f i g .  2) f o r  use i n  the  ca lcu la t ions  w a s  constructed on the  
basis of t h i s  equation. 

The r e s u l t s  of t he  measurement of the  t i tanium concentration ( the molyb- 
denum concentration w a s  t he  balance adding up t o  100 percent)  i n  a l l  the in-  
vest igated specimens were expressed as t h e  graphical  dependence of t h i s  concen- 
t r a t i o n  on the  d is tance  i n  the  d i f fus ion  zone. 
type i s  i l l u s t r a t e d  f o r  a specimen annealed for 40 hrs a t  llOOo ( f ig .  3) .  

As  an example, a curve of t h i s  

From the  da t a  obtained f o r  t h e  d i s t r i b u t i o n  of t h e  d i f fus ing  elements, one 
can ca l cu la t e  t he  coe f f i c i en t s  of i n t e rd i f fus ion  from the  familiar Boltzmann 
formula 

The Matano graphical  method usua l ly  employed i n  such ca lcu la t ions  i s  very 
cumbersome and has some important disadvantages. This method i s  appl icable  only 
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Figure 2. Nomograph for determining the concentration 
of the components from the absorption of y radiation. 

s. nn 

Figure 3. Distribution of the 
concentration of the component 
and the diffusion zone. 

to the complete curve of concentration versus depth of penetration of the 
components. The plotting of such a curve involves considerable experimental 
difficulties. Thus, at a specimen thickness of over 100 p, the y radiation is 
attenuated very strongly in the molybdenum portion of the specimen, resulting 
in a sharp decrease in the sensitivity of the method, while at a specimen thick- 
ness of approximately 140 p, the y radiation is almost completely absorbed by 
the specimens. At the same time, specimens 100-150 p thick are fully adequate 
for the establishment of a distribution of the components in the titanium por- 
tion of the diffusion zone. 
graphically the values of the diffusion constants in the titanium region alone 
in this case. Furthermore, the graphical method has another serious drawback: 
its precision at the end segments of the diffusion zone on both sides decreases 
sharply ow5ng to a large error in the graphical differentiation. 

However,’it does not seem possible to calculate 
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I n  order  t o  avoid these  drawbacks i n  the  ca lcu la t ion  of the  d i f fus ion  con- 
s t an t s ,  use i s  made i n  the  present  work of an ana ly t i ca l  method of ca l cu la t ion  
based on a l i n e a r i z a t i o n  of the  experimental concentration curve i n  a probabil-  
i t y  g r i d  (ref. 4). The concentration curve taken from f igu re  3 i s  shown i n  t h i s  
gr id  ( f ig .  4). 

The concentration sca le  corresponds t o  t h e  equation 

Along t h e  v e r t i c a l  on the  r i g h t  s ide  of f igu re  4 i s  given the  sca l e  of 
arguments of t h t  p robab i l i t y  i n t e g r a l  u. The d is tance  from the  cross  sec t ion  
under considerat ion t o  t h e  i n i t i a l  boundary of Ti-Mo i s  p lo t t ed  along the  ab- 
sc i ssa .  The i n i t i a l  pos i t i on  of the  phase boundary was determined from experi-  
ments with i n e r t  marks and control led by observing the  changes i n  the  thickness  
of t he  molybdenum coating i n  the  course of t he  homogenizing. For a l l  t h e  ex- 
periments considered, the concentration dependences i n  the  p robab i l i t y  gr id  
consisted of segments of s t r a i g h t  l i n e s  having a common i n i t i a l  ordinate  k and 
slopes hl and h2 respec t ive ly  f o r  t h e  t i tanium [c,(x) > 50 percent]  and molyb- 

denum [c2(x) < 50 percent]  sec t ions  of the  d i f fus ion  zone. Using equation (4) 

and the  l i n e a r i z a t i o n  condition of t h e  segments of the  component d i s t r i b u t i o n  
curve, which can be wr i t t en  i n  the  form of the  equation 

~ = k + k ,  ( 5 )  

one can r ead i ly  obtain,  from expression (3) ,  a formula f o r  t he  ca lcu la t ion  of 
t he  in t e rd i f fus ion  coe f f i c i en t s :  

where 1L 

-cn 

The funct ion cp ( c )  takes  i n t o  account t h e  dependence of the  in t e rd i f fus ion  
coe f f i c i en t  on the  concentration of t he  components ( f i g .  5 ) .  

Results of ca lcu la t ions  of i n t e rd i f fus ion  coeff ic ients1 ( f i g .  6) showed 
t h a t  a t  concentrations of 50-90 at .  percent  T i ,  t he  in t e rd i f fus ion  coe f f i c i en t  

'L. G. Maksimova took p a r t  i n  the  ca lcu la t ions .  

1 41 



I-5 -4 -9 -2 - 7  l7 7 2 3 
Distance from lane of or ig in ,  

x-10 E , em 
Concentration of 
T i ,  a t .  percent  

Figure 4. Dis t r ibu t ion  of t h e  Figure 5.  Function cp ( c )  versus 
concentration of t h e  components concentration: a, molybdenum 
i n  the  p robab i l i t y  gr id .  region; b, t i tanium region. 
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Figure 6. 
concentration of components f o r  the  t i tanium 
region: 1, a t  9070; 2, a t  1100~; 3, a t  1210~. 

Coeff ic ient  of i n t e rd i f fus ion  versus 

Dinter remains p r a c t i c a l l y  constant for t he  given temperature. 

cen t ra t ions  of 90-98 at .  percent  T i  i s  an appreciable increase observed i n  

Dintere  

Only a t  con- 

I n  the  molybdenum region(100-150 percent  M o ) ,  the  value of Dinter i s  inde- 

pendent of t h e  molybdenum concentration. Results of a determination of Dinter 

142 



values and of t he  width of t he  d i f fus ion  zone f o r  t he  annealing modes inves t i -  
gated are shown i n  the  t ab le .  

I n  ca lcu la t ing  the  values of Dinter by the  ana ly t i ca l  method one should 

keep i n  mind t h a t  i n  the  v i c i n i t y  of 50 percent the  value of Dinter shows a dis-  

cont inui ty  because the  curve represent ing the  d i s t r i b u t i o n  of elements i n  the  
d i f fus ion  zone i s  approximated by two segments of s t r a i g h t  l i n e s  i n  t h e  proba- 
b i l i t y  gr id .  That i s  why t h e  ana ly t i ca l  method i n  the  v i c i n i t y  of 50 percent  
gives  a less accurate r e s u l t  than t h e  Matano method. However, t h e  a n a l y t i c a l  
method gives  accurate values of Dinter  at  the  ends of t he  d i f fus ion  zone, where 

the  Matano method i s  p r a c t i c a l l y  impossible t o  apply. Therefore, i n  a more de- 
t a i l e d  study of in t e rd i f fus ion ,  t he  use of both methods i s  recommended, s ince  . 
they supplement each other .  

As was indicated above, t he  energy of the y r ad ia t ion  which w e  used made 
it poss ib le  t o  determine f a i r l y  accurately the  values of Dinter i n  the  t i tanium 

region. 

parameters of t he  d i f fus ion  process i n  the  Arrhenius equation--activation 
energy E in te r  and value of t h e  preexponential  factor--were determined from the  

slope of the  s t r a i g h t  l i n e  i n  the  coordinates I n  Dinter--l/T ( f i g .  7). 

Here the  accuracy of t he  measurement of Dinter was 20-30 percent.  The 

The value of Einter obtained w a s  found t o  be 41 kcal/mole, Do M 5.6-10-3 

cm*/sec. 

DIFFUSION CHARACTERISTICS UNDER VARIOUS AKPEALING CONDITIONS 
FOR THE SYSTEM Ti-Mo. 

Temperature, 
OC 

905 

1100 

1111 

1210 

Time , h r  

239.5 

40 

21 

7.3 

Tota l  depth of 
d i f fus ion  zone, 

mm 

0.47 

0.91 

0.52 

1.60 

~~ - 

Coeff ic ient  of i n t e rd i f fus ion ,  
cm'/sec 

Titanium region 

1.5.10-l~ 

1.58 10-9 

1.6.10-9 

5.5- 10-9 

Molybdenum region 
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Figure 7. Coeff ic ients  of i n t e r -  
d i f fus ion  versus temperature f o r  
t h e  t i tanium region. 

From these  c h a r a c t e r i s t i c s ,  using the  equat ion - of the  temperature depend- 
r; -- 

ence of the  d i f fus ion  coe f f i c i en t  Dinter = Doe RT, one can determine the  value 

f o r  any temperature i n  the  f3 region. 
Of D i n t e r  

I n  the  molybdenum region, the  dens i ty  of t he  r ad ia t ion  passing through t h e  
specimen decreased sharply,  making it d i f f i c u l t  t o  ob ta in  t h e  necessary l i g h t  
s t a t i s t i c s .  For t h i s  reason, t he  accuracy of t he  measurement of Dinter i n  t h i s  

region w a s  considerably lower. It w a s  found t h a t  i n  the  molybdenum region, t h e  
ac t iva t ion  energy was considerably g r e a t e r  than i n  the  t i tanium region. A more 
accurate  ana lys i s  of t h i s  p a r t  of the  d i f fus ion  zone requi res  y r ad ia t ion  of 
0.1-0.3 MeV energy. However, i n  t h i s  case the  s e n s i t i v i t y  of the  ana lys i s  of 
t he  t i tanium region decreases.  

The in t e rd i f fus ion  between t i tanium and molybdenum a t  molybdenum concen- 
t r a t i o n s  up t o  8 a t .  percent  w a s  s tudied e a r l i e r  i n  reference 5. The r e s u l t s  
which we obtained a t  low molybdenum concentrat ions a re  i n  good agreement wi th  
t h e  da t a  of t h i s  work. 

I n  conclusion, t he  authors  express t h e i r  apprec ia t ion  t o  Prof .  S. S. 
Mozhayev f o r  h i s  cooperation i n  t h e  execution of t h e  computational p a r t  of t h i s  
work. 
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PART 11. INTERACTION OF TITANIUM WITH GASES IWD 
THE CORROSION PROPERTIES OF ALLOYS 

ON TAE REDISTRIBUTION OF IMPURITIES I N  TITANIUM 
AND ITS U O Y S  DURING OXIDATION 

N.V.Korolev, S.A.Gorbunov, A.S.Bogdanov and G.P. Nadutenko 

In addition to alloying elements, titanium alloys contain impurity elements 
whose quantity depends on the method of preparation and grade of the titanium 
sponge. The purest semifinished product used for melting titanium alloys - 
sponge TGOO obtained by the magnesiothermic method - contains about 0.50s of im- 
purity elements. 

Harmful elements which markedly reduce the mechanical characteristics of 
alloys are oxygen, nitrogen, and carbon. These elements form interstitial solid 
solutions with titanium and, even when present in extremely small amounts (hun- 
dredths and thousandths of one percent) have a harmful effect on a plastic metal, 
changing it into a brittle substance. In addition to the indicated elements, 
undesirable impurities also include silicon, iron and hydrogen. 

The alloys are strongly oxidized in various metallurgical processes (roll- 
ing, forging, heat treatment, etc . ). 

The oxidized surface of the specimen is covered with a scale under which 
there is formed a so-called gas-saturated layer which is basically a solid solu- 
tion of oxygen in titanium. 

On the basis of thermodynamic calculations made in order to establish the 
possibility of formation of oxides of impurity elements and titanium, one could 
expect carbon, nitrogen and iron to accumulate in the surface layer of the metal 
as the oxidation time increased. 

The present work was devoted to verifying the possibility of redistributing 
the impurity elements between the surface layers of the bulk of the titanium 
specimen in the course of oxidation in air. 

Materials and Method 

The study was carried out on specimens (20 x 20 x 20 m) of technically 
pure titanium VTland some titanium alloys melted with TGO sponge. 

According to TsMTU (Tekbnicheskiye usloviya tsvetnoy metallurgii - Specifi- 
cations for nonferrous metallurgy) 4732-56, the chemical composition of the VT1 
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alloy should be as follows: 
O.Ol>% Hz; 0.05% N2; 0.06% C1. 

base, Ti; 0.3% Fe; 0.15% Si; 0.1% C; 0.15% 02; 

In addition to these elements, a certain amount of calcium and magnesium 
(of the order of 0.01-O.O$) and up to 0.30-0.40$ Al were observed in the alloy 
VT1. 

The samples to be tested were oxidized in undried laboratory air in a peri- 
odic weighing unit at temperatures of 800-1200°. The temperature was controlled 
within Bo. 
from the specimens, and the latter were used to prepare transverse polished sec- 
tions for the purpose of studying the distribution of microhardness over the 
depth of the gas-saturated layer. 
instrument (at a load of 50 g). 

After oxidation followed by cooling in air, the scale was removed 

The microhardness was measured with a PMT-3 

The emission spectral analysis and in some cases local analysis of the 
specimens were carried out with an insknxnent described in ref. 1. The analysis 
was performed in a straight pulsed spark with the following parameters of the 
unit: capacity of the working condenser 0.01 pF; charge current of the working 
condenser 8.0 mA; auxiliary gap 1.50 mm; analytical gap 0.75 mm. In the deter- 
mination of nitrogen, use was made of a, spark burning in a stream of pure argon 
No. 1 (0.02% 02; O.l$ N2; 0 .Ol$ C 0 2 ) .  
which was mounted on the rim of the objective of the microscope and which made 
it possible to blow a uniform stream of argon onto the section under analysis. 
Microelectrodes 0.20 mm thick were made out of electrolytic copper MO. The dura- 
tion of the exposure for the determination of iron, silicon, carbon and magnesium 
was 1 min, and for the determination OS aluminum, calcium and nitrogen, 5 see. 
The following line? were selected for th? analytical tests: 
silicon 2881.5781 A, aluminum 3961.5271 A, calcium 368.468II A, carbon 2296.89 
I11 A, magnesium 2795.53II A, nitrogen 3994.99511 H. 

To this end, a chamber was prepared 

izon 2755.737 I1 A, 

The standards used for the quantitative comparison were specimens of the 
original alloys subjected to oxidation, titanium nitride and carbide, alloy with 
0.2% C, and alloys of titanium with 1.5% Fe, Si and Al. The content of the ele- 
ments in the standards was checked by chemical analysis. 

After a photometric analysis of the plates, the relative intensity of the 
spectral lines of the impurity element was determined with respect to the lines 
of titanium by m e a n s  of the formulas 

where I, and  IT^ are the line intensities of the element being analyzed and of 
titanium; ASx-@ and ASTi-+ is the difference in blackening between the lines of 

the impurity element o r  titanium and the background. 



The quan t i t a t ive  content of t h e  elements w a s  ca lcu la ted  from t h e  formula 

where C ~ / C T ~  and (Cx/CTi)st i s  t h e  r a t i o  of t h e  amount of t h e  impurity element 

t o  t h e  amount of t i tanium i n  t h e  a l l o y  and standard,  respec t ive ly ;  &/ITi and 

( I ~ / + ) ~ ~  is the r m  cif the wensifies & i Z l I e & d ~ ~  - k a  

the l i n e  of titanium i n  the al loy and i n  t h e  standard,  respec t ive ly .  

I n  t h e  ca lcu la t ions  of t h e  amount of ni t rogen,  account w a s  a l s o  taken of 
t h e  ni t rogen present  i n  technica l  argon. When no standards w e r e  ava i lab le  f o r  
c e r t a i n  elements, t he  change i n  t h e  amount of t h e  impurity on t h e  sur face  of 
t h e  specimen as compared t o  t h e  readings f o r  t he  unoxidized surface a t  t h e  ten- 
ter of t he  t ransverse  polished sec t ion  was estimated from t h e  d i f fe rence  i n  t h e  
r a t i o  of t h e  i n t e n s i t i e s  of t h e  elemen% being determined t o  t h e  t i tanium on t h e  
oxidized surface and a t  t h e  center  of t h e  sec t ion .  

Results 

The results of spec t r a l  ana lys i s  f o r  impurity elements on t h e  outs ide sur- 
face  of gas-saturated l aye r s  i n  specimens oxidized a t  800-1200° a r e  shown i n  
t h e  t a b l e  below. The depth of t he  inves t iga ted  l a y e r  w a s  10-15 p.  According t o  
t h e  da t a  of t h e  t ab le ,  t h e  surface gas-saturated l a y e r  on specimens 'oxidized a t  

Testing 
temperature 

OC 

1200 
1200 
1200 
1200 
1200 
1200 
1100 
1100 
1100 
1000 
1000 
900 
900 
800 
800 

Note. Sensit  

Duration 
of tests, 

h r  
0.05 
0.10 
0.20 
0.50 
1 
4 
4 
8 

16 
8 

16 
8 

16 
8 

96 

Chemical composition, % 

N 
0.0 
0.5 
0.7 
3.6 
3.3 
1.7 
3.5 
1.7 
3.5 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 

v i t y  of determinat 

C 

0.04 
0.02 
0.04 
0.12 
0.65 
1.16 

0.3 
0.35 

0.06 
0.05 
0.06 
0.1 
0.14 

-- 

0.04 

m:  ni 

Al 
-- 
-- 
- -  
-- 

0.50 
0.71 
0.50 
0.50 

0.30 
0.52 
0.36 
0.26 
0.50 
0.30 

0.40 

rogen, 

Fe 
-- 
-- 
-- 
-- 

0.20 
0.65 
0.20 
0.12 
0.12 
0.04 
0.02 
0.06 
0.10 
0.30 
0.04 

*T= 

- 

S i  
-- 
- -  
-- 
-- 

1.64 
0.66 
0.12 

0.12 
0.16 
0.18 
0.16 
0.02 
0.16 
0.02 

-- 

gn and 
i ron,  O.O$; aluminum, 0.1%; s i l i c o n ,  0.03%. 
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1100-12000 has a high ni t rogen content (up t o  3%) and carbon content (up t o  16). 
It i s  cha rac t e r i s t i c  t h a t  t he  highest  quantity of nitrogen w a s  observed during 
the  i n i t i a l  period of the  oxidation. 

Fig.  1 shows the  temperature dependence of t h e  f r e e  energy of formation of 
oxides of t h e  impurity elements and of t i tanium, t i tanium n i t r i d e ,  and t i tanium 
carbide, calculated from l i t e r a t u r e  data  ( r e f s .  2, 3).  
dynamic cha rac t e r i s t i c s  lead  one t o  expect an accumulation of nitrogen and car- 
bon i n  the  surface l aye r  because t h e  change AFO for t i tanium oxides has a much 

The values of the  thermo- 

- J f f f f  
27 427 827 1227 7627 2021 

t. “C 

Figure 1. Free energy of formation of some compounds of 
t i tanium and impurity elements versus temperature (based on 
1 g/mole 02) .  

1- -Sic; 2- - T i c ;  3- -1/2Fe 304; 4- -2/3Fe20 3; 5--2FeO; 6- -2sn0; 
7- -2TiN; 8- -2sio; 9 - -Si02; 10- -Ti02; 11 - -2/5Ti 305; l2--2/ 3Ti203; 
13- - 2Tio; 14- -2/ 3 ~ 1 ~ 0  3; 15- -2~go;  16- -2ca0. 

more negative value than f o r  t i tanium n i t r i d e  and carbide. The th icker  t he  ox- 
i de  f i l m ,  the  more of these elements should be present i n  the  external  l aye r  of 
t h e  metal, s ince they should not penetrate  i n t o  the  scale .  However, t he  calcu- 
l a t e d  amount of ni t rogen w a s  much less  than the  experimental value. To elucidate  



this question, special experiments were set up for the simultaneous oxidation 
of a titanium specimen at temperatures of 1000-1200°. 
of oxidation (from 3 min to 1 hr) it was found that during the same testing 
time, the oxide layer at the spot where the temperature was 1200° had a smaller 
thickness than at 1000°. 

During the initial period 

The corresponding calculations of the possibility of accumulation of nitro- 
gen during this testing time and the obtained experimental data lead to the con- 
clusion that the principal cause of enrichment with nitrogen is the reaction of 
titanium with the nitrogen of air, which takes place largely during the initial 
period of the oxidation. 

The high carbon content in the surface layer of the metal is due not only 
to the thermodynamically possible accumulation, but probably also to the re- 
action of titanium with the carbon dioxide present in air. 

Measurement of microhardness on transverse and oblique polished sections 

A comparison of these 
prepared from specimens oxidized at 1100-1200° gave very high values (1700- 
2350 kg/mm2) in the metal layer adjacent to the scale. 
values with the microhardness of cu-Ti having the maximum oxygen content of 
12.8 wt % 02 (1250-2350 kg/mm2) and with the microhardness of titanium carbide 

(2850 kg/mm2) and titanium nitride (1782 kg/mm2) confirms the presence of nitro- 
gen and carbon in the solid solution of  @-Ti. The depth of the layer with the 
high microhardness did not exceed 10-15 CL in specimens oxidized for 4 hours at 
1100-12000. 

Let us examine the pattern of distribution of the microhardness in speci- 
mens of technically pure titanium oxidized at 1100-1200° (fig. 2). 

I U  20 30 
Distance from meter scale 

interface, mm 

Figure 2. Di gram of the distribution of microh 
samples of alloy VT1 oxidized at 1100-1200°. 

rdne s in 

1--Carbonitride layer saturated with oxygen; 2--a-Ti; 
3--transformed B-Ti. 



The gas-saturated layer formed is made up of three parts. The first part 
consists of an oxygen-saturated carbonitride layer with a hardness of 1350-2350 
kg/mm2, the second part of a-Ti with a microhardness up to 400-500 kg/mm2, and 
in the third part, the structure is that of transformed B-Ti with a maximum hard- 
ness of 400-500 kg/mm2, which corresponds to the maximum solubility of oxygen in 
@-Ti (4.0-3.0 w t  % 02) l .  

In 1952, on the basis of precise x-ray diffraction analyses of titanium 
scale obtained in air, V. I. Arkhanov and G. P. Luchkin postulated that the de- 
fect structure of titanium dioxide arises because trivalent nitrogen ions 
participate in the process of its formation. A consequence of the defect stmc- 
ture of the scale was a greater oxidizability of titanium at temperatures above 
llOOo in air than in oxygen. 
mental confirmation of this hypothesis concerning the participation of nitrogen 
in the process of oxidation of titanium in air, since the high quantity of 
nitrogen in the metal proves the penetration of nitrogen through the scale and 
the possibility of the creation of an anomaly in the structure of rutile. 

The investigation performed is the first experi- 

After the oxidation, aluminum and iron accumulate in the surface layer at 
1100-1200°, whereas an increase in the silicon content was noted only at 1200O. 
The amount of aluminum and silicon at temperatures of 800-1oooO is approximately 
the same as in the initial alloy; the content of iron at 900-1000° changes some- 
what. The accumulation of iron and silicon at high temperatures may be explained 
by the drastic conditions of formation of the corresponding oxides, and an 
important part is probably played by kinetic factors in the process of enrich- 
ment of the metal surface with aluminum. Calcium and magnesium can reduce all 
the titanium oxides (see fig. 1) and hence, should be the first to penetrate 
into the scale. This is confirmed by spectral analysis. At 900-1200°, no in- 
crease in the content of calcium and magnesium was observed on the surface of 
the metal. 
surface was 2-3 times their amount in the alloy prior to the oxidation. Appar- 
ently, at 800° there takes place an appreciable diffusion of magnesium and 
calcium ions toward the metal-scale boundary, and their per-etration into the 
scale is difficult. At higher temperatures, this barrier is removed as a result 
of the greater mobility of the atoms. 

After testing at 800°, the content of these elements on the titanium 

Thus, the surface layer on specimens oxidized at 1100-1200° i s  a intersti- 
tial solid solution of oxygen, nitrogen, and carbon, a lso  enriched with aluminum 
and iron, and at 1200' with silicon. In addition to oxygen, the presence in the 
surface layer of other elements, primarily nitrogen and carbon, does not permit 
us to estimate the amount of oxygen from the change in the parameter c of the 
hexagonal lattice, since these elements also change the lattice parameters. 
Thus, data on the change in parameter c with the quantity of oxygen present in 
titanium, obtained in ref. 5 ,  cannot be used under equilibrium annealing condi- 
tions to determine the amount of oxygen absorbed by the titanium from parameter 

lThe problem of gas-saturated layers is discussed in more detail in an article 
by S .  A. Gorbunov and I. S. Anitov in the collection "Titanium and Its Alloys," 
No. 10, Izd-vo AN SSSR, 1963, p. 100. 



e, not only for the oxidation of the specimens in air, but also for the oxida- 
tion in oxygen because of the redistribution of the impurity elements. In the 
various operations of thermal treatment and welding of titanium and its alloys, 
it is necessary to take into account the possibility of redistribution of the 
elements both on heating in air and in vacuum, where the vaporization of dif- 
ferent elements takes place at different rates. 

The results obtained for the redistribution of the impurity elements were 
a l s o  confirmed by studying certain titanium alloys. 

An interesting feature encountered in the work was the nonuniformity of 
the distribution of the impurity elements not only in different melts but also 
in a single melt from one specimen to another. Thus, for example, the amount 
of calcium,and magnesium in certain specimens was 5-6 times the average content. 
In some melts of technically pure titanium V ' I l ,  aluminum was detected in amounts 
of 0.3-O.k$, although according to the GOST (Gosudarstvennyy obshchesoyuznyy 
standart - All-Union State Standard) no aluminum whatever should be present in 
this alloy. The nonuniformity in the content of the impurity elements in tita- 
nium and its alloys may be the cause of the great scatter in the mechanical 
properties. 

In the course of the investigation, the contamination of certain alloys 
with alloying elements not listed in the certificate of the alloy was estab- 
lished. For example, a small amount of tin or chromium was detected in certain 

I I -250 ' zufl 4uu twl? dJU 

Figure 3. Temperature dependence of 
tion for oxides of alloying elements 
1 g/mole 02). 

1--2v205; 2--2cuo; 3--2Cu20; 4--vo2; 

7--Sn02; 8--2/3 fi203; 9--1/2 Mn304; 

t, "C 

free energy of forma- 
and titanium (based on 

5- -2 /3  Moo3; 6--2Sn0; 

10--2/3 cr203; 11--2/3 

v203; 12--mo; 13--~i0~; 14--2VO; 15--2~i0; 16--2/3 m203. 
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specimens of alloy VT1. When alloying elements are present in an alloy, their 
redistribution is possible, just as in the case of the impurity elements. 

Let us examine the temperature dependence of the free energy of formation 
Molybdenum, of oxides of a series of alloying elements and titanium (fig. 3). 

vanadium, chromium, iron, manganese, tin, silicon, nickel, and copper, which 
have more positive values of the change in free energy of formation of the cor- 
responding oxides than titanium oxides, can accumulate in the surface layer at 
the metal-scale boundary. However, an important part in the oxidation process 
should be played by kinetic factors as well (for example, the vaporization of 
volatile oxides, etc,). Results of spectral -sis following oxidakicm in 
air of the binary alloys Ti - Mo, Ti - V, Ti - Cr, Ti - Mn, Ti - Sn, Ti - Cu, 
containing up to 10% of alloying elements have shown that the surface layer of 
the metal becomes enriched with these elements. For example, at certain tem- 
peratures, the amount of molybdenum, vanadium, and chromium on the surface of 
the metal exceeds the initial content by a factor of 2-3, and nearly pure tin 
and copper are formed on the surface of the alloys with tin and copper. 

Summary 

1. The article examined the problems of redistribution of carbon, nitrogen, 
iron, aluminum, silicon, calcium, and magnesium between the surface layers and 
bulk of titanium specimens after heating in air at 800-12000. 

2. Spectral analysis and microhardness measurements established that the 
gas-saturated layer on specimens of titanium oxidized in air at 1100-1200° con- 
sists of an interstitial solid solution of not only oxygen but also carbon (up 
to 1.0%) and nitrogen (up to 3.Opb); in addition, the surface layer becomes 
saturated to some extent with iron, chromium, and aluminum. 

3. The study showed that at 1100-1200° the increase in the content of 
nitrogen in the surface layers is due mainly to a reaction of titanium with the 
nitrogen of air. 

4. Thermodynamic calculations of the temperature dependence of the free 
energy of formation of oxides of impurity and alloying elements confirmed the 
possibility of redistribution of these elements in the course of the oxidation. 

5. It was established that the gas-saturated layer becomes enriched with 
the alloying elements following oxidation in air of the following binary alloys: 
Ti - Mo, Ti - V, Ti - Cr, Ti - Mn, Ti - Sn, Ti - Cu. 
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EFFECT OF OXYGEN ON THE MECRANICAL PROPERTIES O F  
REAT-TREAW ALLOYS AT3 AND AT8 

B. K.  Vul’f and S. A. Yudina 

(Preliminary Report) 

According t o  the  diagram of T i - 0  (ref. l), oxygen raises the  temperatures 
of the  a -, f3 phase transformation, p a r t i c u l a r l y  the  c r i t i c a l  points  of the  t ran-  
s i t i o n  i n t o  the f3 region ( f ig .  1) and hence, i s  an a s t a b i l i z e r .  
i n t e r s t i t i a l  s o l i d  solut ions with t i tanium, oxygen increases the  l a t t i c e  con- 
s t a n t  c of the  a solut ion,  having p r a c t i c a l l y  no e f f e c t  on constant a .  
r e s u l t  of t he  r e s u l t i n g  complication of t h e  l a t t i c e  s t ruc ture ,  t he  s t r e s ses  
causing p l a s t i c  deformation of t he  CY so lu t ion  a re  increased, and t h i s  may ex- 
p l a i n  the  observed hardening e f f e c t .  

By forming 
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Figure 1. Effect  of  
oxygen on t h e  poly- 
morphic transformation 
of t i tanium (ref.  1). 
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Figure 2. Effect  of oxygen 
on t h e  mechanical character-  
i s t i c s  of t i tanium. 

1--data  of r e f .  2; 
2--data of r e f .  3. 



The effect of oxygen on the mechanical properties of titanium and its 
alloys has been studied by several authors. Thus, it was shown in ref. 1 that 
a rise in oxygen content from 0.2 to 1 3  w t  '$ increases the hardness of titanium 
from Rv = 170 kg/mm2 to HV = 950-1100 kg/mm2. 

A diagram showing the effect of oxygen on the mechanical properties of 
titanium, plotted on the basis of the data given in refs. 2 and 3, shows that 
as the oxygen content rises, the strength of the specimens increases, while the 
elongation decreases somewhat (fig. 2). 

It has been pointed out in many papers that oxygen increases the sensi- 
tivity of titanium to notching and appreciably decreases its impact strength. 

Oxygen has a similar effect on titanium alloys. 

Thus, in the case of alloy m8 belonging to the system Ti-Al-Mo, it was shown 
(ref. 4) that as the oxygen content rises from 0.1 to O.$,  "hydrogen embrittle- 
ment" is strongly manifested, i.e., there 'is a decrease in the impact strength 
under the influence of hydrogen. According to the view of the authors of ref.4, 
this is due to a decrease in the solubility of hydrogen and oxygen in titanium 
when both are present. 

In ref. 5, the effect of oxygen on the mechanical characteristics of cer- 
tain alloys of the system Ti-Al-0 was studied; in an alloy with 7.2 w t  '$ Al, 
corresponding in aluminum content to the alloy AT8, a rise in oxygen content 
from 0.18 to 0.46 wt '$ causes an increase in the ultimate strength from 80 to 
,120 kg/mm*, and a decrease in elongation from 23 to 4%. 

As the temperature rises to 6000, the ultimate strength decreases, and the 
elongation undergoes little change approximately up to 500°, after which it 
increases sharply at 600'. 

The dependence of the properties of alloy AT4 on the content of oxygen and 
It hydrogen was studied by A. M. Yakimova (refs. 6-8) and other investigators. 

should be noted that alloy AT4 was studied after cooling in air from 8000. In 
these studies it was shown that oxygen substantially strengthens alloy AT4 (an 
average of 10 kg/mm2 for every 0.1 w t  $ 0 2 ) .  The values of the elongation and 

transverse contraction underwent little change, but the impact strength an de- 
creased more abruptly than under the influence of hydrogen. 
oxygen on the mechanical properties of alloy AT4 (at a content of 0.005 w t  $ H2) 
is shown in fig. 3. 

The effect of 

Certain data indicate a positive influence of oxygen on the high-tempera- 
ture strength of titanium alloys. 

It has been noted that oxygen increases the creep resistance (ref. 6). The 
author explains this phenomenon by the stabilization of the cy phase'as a result 
of the retardation of the diffusion processes in the presence of oxygen, 

The data cited indicate that under the influence of oxygen which they con- 
tain, pure titanium and some of its alloys change their mechanical characteris- 



2 B0C 
b 

4° t 

ld L! 47 48 a3 
02, wt percent 

Figure 3. Effect of oxygen on the mechanical characteristics 
of alloy AT4 (data of  ref. 7). 

tics substantially; in many cases, the tensile strength values increase without 
any substantial decrease in plasticity. Consequently, some authors did not 
include oxygen in the category of absolutely harmful impurities, and in some 
cases, its introduction as an alloying element for increasing the strength and 
high-temperature strength of titanium alloys has even been recommended. 

In this connection, it seems interesting to examine in more detail the 
effect of oxygen on the structure, properties and thermal stability of titanium 
alloys now being widely used in industrial applications. 

In the present study, the effect of oxygen content on the mechanical prop- 
erties of alloys of type AT has been investigated; alloys with the lowest (AT3) 
and highest (AT8) aluminum content were selected. 

Alloys AT3 and AT8 were melted in arc furnaces with a consumable electrode 
by the method of double fusion. Electrodes weighing 5 kg were pressed out of 
prepared mixtures; aluminum, chromium, iron, and silicon were introduced in 
pure form during the preparation of the charge, while boron was introduced in 
the form of a 10% Cr-B master alloy. Oxygen was introduced in the form of 
powdered Ti02. 

titanium TGlll3 with q, = 32.8 kg/mm2, and titanium TGOO with Ob = 37.3 kg/mm2 
was used to prepare the remaining alloys. 

The alloys obtained contained an average of 0. f i  Cr, 0.4% Fe, 0.4$ Si and 
0.01% B; the amount of aluminum was 3.0% in alloy AT3 and 7.0% in alloy AT8. 

In order to obtain alloys with a minimum oxygen content, use was made of 

The content of the oxygen introduced, based on the charge, was: 0.10, 
0.13, 0.23, 0.28, 0.33 and 0.43 w t  %. 
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Check analyses f o r  t h e  content of oxygen performed on some of t h e  specimens 
showed a s a t i s f a c t o r y  agreement with t h e  ca lcu la ted  da ta .  

After cas t ing ,  turning,  and f ac ing  i n  order  to remove t h e  cav i t i e s ,  t he  
ingots  were forged i n t o  rods of round and square cross  sec t ions  1 2  mm th i ck .  
The forging w a s  open and was ca r r i ed  out  with a pneumatic hammer. 
forging, t h e  ingots  w e r e  heated i n  an e l e c t r i c  furnace.  

were 1000 and 800 , and f o r  t he  AT8 a l loy ,  1150 and gooo, respec t ive ly .  

P r i o r  t o  

For t h e  AT3 ,alloy, t h e  temperatures of t h e  s t a r t  and end of t h e  forging 

After t h e  forging, some of t h e  rods were subjected t o  a heat  treatment con- 
s i s t i n g  i n  quenching i n  a i r  from 850' f o r  a l l o y  AT3 and from 950' f o r  a l l o y  AT8 
(holding a t  t he  quenching temperature f o r  l e s s  than 45 min) . 

Gagarin-type specimens were cut  from t h e  rods f o r  t e n s i l e  t e s t s ,  and speci-  
mens with a Menager-type notch were prepared t o  determine t h e  impact s t rength .  

I 

02, at. percent 

Figure 4. 
a l loys  AT3 and AT8. 

1 - -a l loy  AT3 i n  i n i t i a l  state; 2--alloy AT3 a f t e r  quenching 
from 850° and cooling i n  a i r ;  3--alloy AT8 i n  i n i t i a l  s t a t e ;  
b - a l l o y  AT8 a f t e r  quenching f rom 950° and cooling i n  a i r .  

Ef fec t  of oxygen on the  mechanical proper t ies  of 



The mechanical tests showed (fig. 4 and table) that in alloys AT3 and AT8 
tested in the original state, a rise in oxygen content from 0.10 to 0.43% leads 
to an increase in strength, but decreases the plasticity and impact strength. 

M E C W C A L  PROPERTIES OF ALLOYS 4-T3 AND  AT^. 

Alloy AT3 in initial states 

7. io- 
0.13 
0.32 
0.28 
0.32 
( I ,  ;:I 

.- ~~ 

All -oy AT3 after uenching 
in air from 8500 

0.23 13.5 

0.33 14.3 

- 
51 
53.3 
47.2 
45.9 
42.0 
42.0 
- .  

~. 
12.G 
8.7 
5.85 
4.3 
3.45 
3.7 - 

Alloy AT8 in initial states 
. 

0.10 - 

0.28 124.6 10.9 
0.33 127.2 12.3 38.3 
0.43 136.2 1.45 . -. . . - . . . -__ . . 

Alloy AT8 after quenching 
in ais from 950' 

3.35 

In alloys AT3 and AT8 subjected to the heat treatment, a rise in oxygen 
content leads to a similar change in properties, but this effect is manifested 
to a lesser extent. 

In alloy AT8 containing an relatively large amount of aluminum, the plas- 
ticity characteristics (6 and $) decrease more abruptly than in alloy AT3; on 
the contrary, in alloy AT3, a rise in the oxygen content up to 0.3% causes a 
more appreciable decrease in impact strength an, but practically does not affect 
the change in 6 and 0. 

Summary 

1. A rise in oxygen content in alloys AT3 and AT8 from 0.10 to 0.43% in- 
creases their strength but decreases their plasticity. 

2.  Rlloy AT3 is less sensitive to a change in the mechanical properties ' 

than alloy AT8 when the oxygen content rises. 

3. In the case of alloy AT3, as the oxygen content rises, there is ob- 
served an abrupt decrease in impact strength, whereas in the case of alloy AT8, 
the most sensitive characteristic in this respect is the transverse contraction. 
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CHARACTERISTICS OF THE OXIDATION OF CERTAIN TITANIUM ALLOYS 
DURING HEATING PRIOR TO PLASTIC DEFORMATION 

I. M. Pavlov, A. Ye. Shelest, and Ye. G. Konstantinov 

In the primary treatment, ingots and large blanks of titanium and its 
alloys are heated to high temperatures at which the processes of scaling oxida- 
tion and gas saturation develop simultaneously on the surface of the metal. 
These physicochemical processes are determined by the composition of the gaseous 
medium and of the alloys being heated, the temperature, and the duration of the 
heating. The magnitude of scaling oxidation and gas saturation depends on the 
rate of the chemical reactions at the boundary between the solid and gaseous 
phase and on the rate of diffusion of the interstitial elements into the solid 
phase. 

The problem of scaling oxidation must be studied in order to determine the 
fundamental regularities of the distribution of gases between the scale and the 
metal, to establish the high-temperature oxidation resistance of titanium alloys 
in existence and under development, to select correctly the temperature and time 
conditions of heating of these alloys, and to account for the influence of the 
oxides on the boundary conditions (metal-instrument) under plastic deformation 
of titanium alloys. Many studies of foreign and Soviet authors have been de- 
voted to these problems. It is sufficient to mention the work of V. I. Arkharov, 
A. V. Revyakin and others (refs. 1-5). 

A comprehensive study of the conditions of plastic deformation of titanium 
alloys is being conducted at the laboratory of plastic deformation of metals 
and alloys at the A. A. Baykov Institute of Metallurgy. The present work 
offers the results of a study of the oxidation kinetics of certain titanium 
a l loys .  

There are several methods of studying the oxidation kinetics of metals, the 
most accurate being the method of continuous weighing of the specimens. However, 
when this method is used, it is impossible to draw intermediate samples in order 
to determine the thickness of the gas-saturated layer. Therefore, for each test- 
ing temperature we prepared a set of specimens which were then removed from the 
furnace in batches after a certain heating time had elapsed. The specimens were 
in the shape of cubes 10-16 mm on one side, all the faces of which were planed. 
They were placed in porcelain crucible3 which had been ignited to constant 
weight, and air had free access to all the faces of the specimens. The speci- 
mens were heated in an electric furnace to 800-1200° (every looo), and the 
heating lasted 15, 30, 60, 120 and 240 min. Before and after the heating, speci- 
mens with and without the crucibles and specimens with the scale removed were 
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weighed on ATN-200 analytical balances, and the change in weight was divided by 
the surface area of the specimen prior to the oxidation. This technique was 
used to study the oxidation of alloys VT1, OT4-1, OT4, VT6, VT14 and VTL5. In 
such experiments, particular care should be taken to make sure that the prepa- 
ration of the surface of all the specimens is identical, since it strongly 
affects the oxidation at short holding times and, in particular., the strength 
of adhesion of the scale to the base metal. For example, the rougher the treat- 
ment of the surface of the plane, the more effective is the surface of oxidation, 
and the stronger is the adhesion between the scale and the metal. Thus, the 
scale is not completely removed. 

holding time, hr holding time, hr 

Figure 1. Oxidation of titanium alloys versus temperature 
and heating time. 

a--at 900’; b--at 1000°; c--at l l O O o ;  d--at 1200’. 

After the heating, every specimen was inspected, and the color, macro- 
structure, thickness and strength of the scale were thoroughly described. A l l  
the quantities characterizing the oxidation kinetics were found directly by 
weighing or by simple calculations. 
the increase in the weight of the specimen as a result of oxidation and gas 
saturation per unit surface, mg/cm2; Agb--the change in the weight of the speci- 
men after removal of the scale per unit surface, mg/cm2. 

The weighing was used to determine: Ago-- 
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The unknown q u a n t i t i e s  w e r e :  weight of gases i n  t h e  sca l e  ggs; weight of 
gases dissolved i n  t h e  metal, ggm; weight of metal which had passed i n t o  t h e  
sca l e ,  gms. 

These q u a n t i t i e s  are r e l a t e d  by t h e  equations 

It should be kept i n  mind t h a t  i n  most t i tanium a l loys  t h e  sca l e  cons i s t s  
of r u t i l e  Ti02, s ince  t i tanium has a great a f f i n i t y  f o r  oxygen, whose chemical 
a c t i v i t y  i s  considerably lower than t h a t  of t h e  o the r  metals enter ing i n t o  t h e  
composition of t h e  a l loys .  

Let us  examine the  k i n e t i c  oxidation curves of t h e  invest igated t i tanium 
a l loys  ( f i g .  1). They a l l  show t h a t  during t h e  f i r s t  s tage ,  t he  oxidation f o l -  
lows a parabolic law, which, as  t h e  durat ion of t h e  oxidation increases ,  changes 
i n t o  a l i n e a r  law. 

Our experiments confirmed t h e  hypothesis t h a t  t h e  oxidation r a t e  i s  gov- 
erned by t h e  concentration gradient of oxygen i n  t h e  surface l aye r s  of t h e  metal .  
The r eac t ion  of formation of t i tanium oxides takes  place a t  f i r s t  a t  t h e  metal- 
s ca l e  phase boundary, and then s h i f t s  t o  t h e  boundary between t h e  s o l i d  and 
gaseous phase. This was demonstrated by means of i n e r t  graphite marks made on 
t h e  surface of t h e  gas-saturated specimens p r i o r  t o  t h e i r  heat ing.  

We s h a l l  agree t o  r e f e r  t o  the  l i n e a r  oxidation r a t e  as t h e  c h a r a c t e r i s t i c  
r a t e .  I t s  value can be r e a d i l y  determined by graphical  d i f f e r e n t i a t i o n  of t h e  
k i n e t i c  curvesfor  longer oxidation per iods.  I n  general ,  however, t h e  oxidation 
r a t e  changes with time, decreasing and approaching some constant value which we 
s h a l l  c a l l  t he  c h a r a c t e r i s t i c  r a t e .  The determination of t h e  c h a r a c t e r i s t i c  
r a t e  of each a l loy  makes it possible  t o  evaluate t h e  degree of i t s  oxidation a t  
a given temperature. The da ta  obtained i n  t h e  present  work on t h e  cha rac t e r i s -  
t i c  oxidation r a t e  of t h e  invest igated a l loys  a re  compiled i n  t h e  t a b l e  beloh-. 

CHARACTERISTIC OXIDATSON RATE OF TITANIUM ALLOY DURING HEATING 

Temp., OC 

800 
900 
1000 
1100 
1200 

FOR 4 EER I N  AIR I N  AN ELECTRIC FURNACE 
( i n  mg/cm2 h r  ) 

VTl OT4-1 OT4 V T ~  VT 14 VT15 

0.17 0.30 0.33 0.10 0.10 0.27 
2.30 1.30 1 . 1 5  0.25 0.30 0.30 
1.00 0.88 1.63 1.12 1.63 2.00 \ 

2.75 . 2.25 1.60 3.25 2.50 2-75 
12.00 16.00 18.00 13.00 10.25 10.00 



It is notable that in the cy + l3 and p alloys VT6, VT14 and VTl5, the oxi- 
dation rate increases monotonically with rising temperature, whereas in W l  and 
OT4-1, which have an allotropic transition range, a sharp increase in the oxida- 
tion rate is observed in this rhnge. 
interatomic bonding forces in the metal lattice and by an increase in the mobil- 
ity of the atoms in the temperature range of the allotropic transition. 

This is explained by a weakening of the 

"be change in the weight of the specimens following the removal of the 
scale, Agt, should be considered separately. The sign of this quantity indi- 
cates the relative quantities of the metal which penetrated into the scale and 
of the gases which dissolved in the metal. The corresponding curves for each 
of the temperatures are shown infigure 2. Thus, the kinetic oxidation curve and 
curves representing the change in Agt clearly describe the condition of the 
processes of scaling oxidation of titanium alloys and gas saturation in the 
surface layers of the metal. 

In practice, the conditions of the heating may differ from those under 
which the present work was carried out. Other quantitative characteristics of 
the oxidation can a l s o  be obtained, but the qualitative picture'remains the 
same. The magnitude of scaling oxidation and gas saturation is strongly af- 
fected by the atmosphere of the furnace and the total thermal flux. 
teristic feature of oxidation under plastic deformation is the breakdown of the 

A charac- 

I holding time , hr 
I 

2 holding time, hr 

Figure 2. Change in weight of specimens of titanium alloys 
after removal of scale versus temperature and heating time. 

a--at gooo; b--at 1000°; c--at llOOo; d--at 1200'. 
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primary scale, the renovation of the metal surface as a result of the emergence 
of deeper layers, and secondary oxidation which develops in the course of the 
treatment. 

The data obtained in the present work can be used for a comparative charac- 
terization of the high-temperature oxidation resistance of titanium alloys and 
for estimating the effect of alloying elements on this important technological 
property of metals. 
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NITRIDING OF TITANIUM ALLOYS AT HIGH PFESSURES 

Ye. N. Novikova 

In studies conducted earlier on the nitriding of titanium alloys in pure 
nitrogen (refs. 1, 2) it was found that the diffusion layer on titanium is 
formed at temperatures above 800° in the course of chemical and thermal treat- 
ment of the latter in an atmosphere of pure nitrogen at normal pressure. The 
diffusion layer is made up of two zones. The upper zone consists of a thin 
nitride layer, and the lower, thicker zone consists of a layer of a solid solu- 
tion of nitrogen in cu-Ti. 

As the saturated temperature rises, the depth of both layers and their 
nitrogen concentration increase, causing an increase in hardness. At tempera- 
tures above 950°, the diffusion layer becomes very brittle, and the strength 
and plasticity characteristics of the core of the specimen decrease substan- 
tially; for this reason, the temperature of 950' was taken as the maximum per- 
missible temperature for the nitriding of articles made of titanium alloys. 

It was also found that the absorption of nitrogen by titanium at 800-12000 
fo l lows  the parabolic law, i.e., the rate of diffusion oT nitrogen decreases 
with time. Thus, for each temperature it was possible to determine the time at 
which the thickness of the layer practically ceased to increase. Thus, at 9509 
this period of time is equal to 25-30 hr. 

The decrease in the rate of the growth of the diffusion layer with time is 
due to the formation and growth on the titanium surface of a nitride phase in 
which the diffusion coefficient of nitrogen is considerably smaller (by more 
than one order of magnitude) than in cy- and @-Ti, and decreases with rising 
nitrogen concentration (ref. 3). As the depth of the nitride zone in the layer 
increases, the amount of nitrogen diffusing through it gradually decreases, and 
fresh amounts of nitrogen are chiefly consumed in the enrichment of the nitride 
zone alone, which hinders the penetration of nitrogen into the metal still more 
Thus, the most saturated and hence most brittle part of the layer is the nitride 
zone. 

The alloying of titanium has a marked influence on the depth and hardness 
Table 1 gives the depth of the layer and the hardness of the diffusion layer. 

at the surface of specimens of various alloys nitrided for 30 hr at 950° at a 
nitrogen supply rate of o .2-0.3 l/min. 

The first technological samplings of nitrided articles made of titanium 
alloys showed 'that in many cases the layer depth attained was insufficient . 

166 



TABLE 1 

Alloy 

Technical t i tanium VT1 
v~3-1 
vT5 
VT4 
VT8 
V T l O  
VT14 

Total  depth of layer ,  
mm 

. .. - 

0.06-0.08 
0.04-0.05 
0.08-0 .io 
0.10-0.12 
0.12-0 -14 
0 .lo-0.12 
0.14-0.16 

Hardness ( p  = 5 kg) 
on surface Hv, 

. kg/m2 

750-850 
700-750 
750-800 
800-900 
70-750 
700 - 750 
750-850 

- 

Warpage of t h e  p a r t s  i s  unavoidable i n  a high-temperature process.  When t h e  
p a r t s  are reduced t o  t h e  required dimensions, it i s  necessary t o  remove most of 
t he  d i f fus ion  l a y e r  and sometimes the  e n t i r e  l a y e r .  Furthermore, t h e  b r i t t l e -  
ness of t h e  n i t r i d e  zone, whose depth i n  c e r t a i n  a l l o y s  reaches 15-20 p, causes 
the  chipping of sharp edges, which i s  completely unacceptable f o r  many p a r t s .  

Thus, a more successful  introduct ion of t h e  n i t r i d i n g  processes i n t o  t h e  
industry requires  t h e  f inding of methods of increasing the  depth of t h e  l a y e r  
and el iminat ing t h e  b r i t t l e  n i t r i d e  zone which hinders t h e  penetrat ion of n i t r o -  
gen i n t o  t i tanium. 

The achievement of a less  b r i t t l e  and deeper l a y e r  w i l l  i n  t u rn  m a k e  it 
possible  t o  lower t h e  temperature of t he  process, t h i s  being very des i r ab le  f o r  
preserving t h e  mechanical p rope r t i e s  of t he  core of t h e  p a r t  and decreasing 
t h e i r  warpage. 

It i s  c l e a r  from t h e  above t h a t  i n  order  t o  obtain a deeper d i f fus ion  l a y e r  
on t i tanium, one must change t h e  n i t r i d i n g  conditions i n  such a way t h a t  t he  
s a t u r a t i o n  w i l l  proceed only with t h e  formation of  a s o l i d  so lu t ion  of nitrogen 
i n  a/-Ti  and t h a t  no conditions w i l l  be created f o r  t he  formation o f  t h e  n i t r i d e  
zone. It w a s  postulated t h a t  t he  formation of t h e  n i t r i d e  zone could be re- 
tarded by n i t r i d i n g  i n  a mixture of ni t rogen and a n  i n e r t  gas ( a t  a low p a r t i a l  
pressure of ni t rogen)  or i n  r a r e f i e d  ni t rogen.  

Further s tud ie s  i n  t h i s  d i r e c t i o n  have confirmed our hypothesis. 

The n i t r i d i n g  of t i tanium i n  a mixture of nitrogen and argon ( re fs . .4 ,  5 )  
a t  a p a r t i a l  ni t rogen pressure of 0.005-0.04 a t m  ( t h e  amount of ni t rogen w a s  
0.4-4 percent of t h a t  of argon) produced an increase i n  t h e  depth of  penetrat ion 
of nitrogen i n t o  t i tanium, and t h e  n i t r i d e  zone w a s  absent from t h e  n i t r i d e d  
l a y e r .  

The p o s i t i v e  e f f e c t  o f  r a re fy ing  t h e  gas during t h e  s a t u r a t i o n  of t i tanium 
with argon i s  a l s o  indicated by the  r e s u l t s  of references 6 and 7; these s t u d i e s  
were conducted f o r  t h e  purpose of determining t h e  degree of contamination of 



t i tanium with gases. 
from 76 t o  0.076 em Hg a t  850° increased t h e  weight gain of t h e  specimen per  
u n i t  surface.  Af te r  2 h r  of heat ing,  t h e  weight ga in  increased by a f a c t o r  of 
almost 2. The depth and s t r u c t u r e  of t h e  l a y e r  were not  determined. 

It w a s  shown i n  t hese  s tud ie s  t h a t  a decrease i n  pressure 

The e f f e c t  of decreasing t h e  pressure during n i t r i d i n g  on t h e  depth of pen- 
e t r a t i o n  of ni t rogen and on t h e  s t r u c t u r e  of t h e  l a y e r  w a s  s tud ied  i n  t h e  present 
work. 

The inves t iga t ion  w a s  ca r r i ed  out  on specimens of t echn ica l  t i tanium VT1, 
i n d u s t r i a l  a l loys  VT3-1, VT4, VT5, and experimental a l l o y s  Ti-Al-Mo, Ti-Al-Sn, 
and Ti-Al-Cu. The content of a l loy ing  elements i n  these  a l loys  w a s  as follows: 
a l loy  VT5, 5.05 percent Al; a l l o y  VT4, 4.8 percent  Al and 0.9 percent Mn; a l l o y  
m3-1, 5.2 percent,  1 .9  percent C r ,  1.5 percent  Mo and 0.4 percent Fe; a l l o y  T i -  
Al-Mo, 4 .1  percent Al and 1.25 percent Mo; a l l o y  Ti-Al-Sn, 4.98 percent Al and 
0.70 percent  Sn; a l l o y  Ti-Al-Cu, 4.93 percent Al and 1.15 percent Cu. 

Cyl indrical  specimens 10 mm i n  diameter and 10 mm high were cu t  from forged 
rods 1 4  m i n  diameter. 

The process of n i t r i d i n g  a t  l o w p r e s s u r e s i s  b a s i c a l l y  s i m i l a r  t o  n i t r i d i n g  
a t  normal pressure :  ni t rogen from a cyl inder  i s  successively passed through 
vesse ls  with substances absorbing moisture, a r e t o r t  with heated t i tanium sponge 
( g e t t e r  f o r  removing oxygen) and the  chamber of t h e  n i t r i d i n g  furnace.  However, 
i n  order t o  c rea t e  a r a r e f i e d  atmosphere of ni t rogen i n  t h e  hea t ing  zone as well ,  
all the  vesse ls  and furnaces with t h e  g e t t e r  and specimens were placed i n  a 
vacuum chamber. 

A l l  t h e  p a r t s  of t he  system were connected by means of vacuum tubing. A 
vesse l  with s i l i c a  g e l  w a s  connected t o  t h e  aircock of t h e  chamber through which 
ni t rogen from t h e  cyl inder  w a s  introduced. The gases were evacuated from t h e  
chamber by means of a VN-1 preliminary vacuum pump and an M-20 d i f fus ion  pump 
( f i g .  1). 

The n i t r i d i n g  process consis ted of t h e  following operat ions:  

(1) Charging of t h e  specimens and t i t an ium sponge i n t o  t h e  furnace; 

( 2 )  Evacuation of a i r  from t h e  chamber; 

(3) F i l l i n g  of t h e  chamber with nitrogen; 

(4)  Evacuation of ni t rogen from t h e  chamber (Operations 3 and 4 were 
repeated twice) ; 

(5) Heating of t he  furnaces;  

(6) Introduct ion of ni t rogen and establishment of t h e  se lec ted  
pressure i n  t h e  chamber; 

(7) Soaking a t  a continuous flow of ni t rogen and a t  t h e  se lec ted  
temperature and pressure;  



(8) 

(9) Emptying of t h e  chamber. 

Cooling of the  specimens i n  t h e  stream of nitrogen; 

Figure 1. 
1, ni t rogen f l a sk ;  2, gas reducing valve; 3, container  with s i l i c a  
ge l ;  4, container with P205; 5 ,  furnace f o r  g e t t e r ;  6, furnace 
f o r  n i t r i d ing ;  7, t i t an ium turnings;  8, specimens; 9, cy l ind r i ca l  
vacuum furnace; 10, stopcock f o r  evacuating and introducing the  
gas; 11, preliminary vacuum pump; 12,  d i f fus ion  pump; 13,  place 
for measuring t h e  pressure ,  

Diagram of the  process of n i t r i d i n g  a t  low pressures:  

The specimens were n i t r i d e d  a t  950° and p a r t l y  a t  870° a t  pressures  of 760, 

100, 1, lo-’ and 3 x mm Hg. 

The consumption of ni t rogen w a s  set a t  - 0 . 3  l/min. A t  a pressure of 10-l- 
mm Hg, two more processes w e r e  c a r r i ed  out  with a lower consumption of ni t rogen:  
0.09 and 0.03 l/min ( t h e  ni t rogen consumption w a s  measured by t h e  change of t h e  
gas pressure i n  t h e  cy l inder ) .  Basical ly ,  t he  process l a s t e d  8 h r .  A 20-hr 
process w a s  conducted a t  950’ and a t  the  optimum pressure.  

The pressure i n  t h e  chamber (100 and 1 mm Hg) w a s  measured with a V-shaped 
manometer, and smaller pressures  were measured with a thermal manometer. 

Let us examine t h e  conditions and results of n i t r i d i n g  of ce r t a in  a l loys  
( t a b l e  2 ) .  

.As i s  apparent from the  t ab le s ,  a t  a n i t r i d i n g  temperature of 950’ and a 
ni t rcyen consumption of 0.3 l/min, t h e  decrease i n  pressure from atmospheric t o  
1 mm Hg leads  t o  a s ign i f i can t  increase i n  t h e  depth of t h e  e n t i r e  l aye r  and t o  
a very appreciable ( severa l fo ld)  increase i n  the  depth of t he  n i t r i d e  zone. 
Thus, f o r  example, i n  specimens of a l loys  VT5, Ti-Al-Sn and Ti-Al-Cu, t h e  depth 



TABLE 2. CONDITIONS AND RESULTS OF NITRIDING OF CERCAIN ALGOYS 

O.iO 8 760 0.3 0.97 
950 8 100 0.38 1.29 
!JSO 8 1 0.33 2.16 
!J50 8 lo-' 0.3 2.0 
0.50 8 lo-' 0,09 2.5 
9.50 8 . 10-l 0.03 2.7 
9.50 : 7.5 3*10-' 0.09 1.07 
950 30 760 0.3 1.45 
950 20 lo-' 0.27 2.4 
870 8 lo-' 0.09 1.9 

0.005 0.06 
0.001 0.045 
0,001 0.06 
0.002 0.052 
0.001 0.072 
O.OOO5 0.07 
0.0005 0.032 
0.005 0.06 
0.002 0.117 
0.002 0.06 

1144 
1144 
1144 
1313 
891 
891 

1144 
1072 

1144 
1072 
1072 
1225 
644 
795 

1144 
841 

644 
508 

1005 
1144 
381 
713 

1005 
713 

381 
412 
412 
367 
367 
367 
891 
346 

nj - 

- 412 

350 
930 
950 

8 
8 
8 

950 
950 
950 
950 
950 
870 

8 
8 
7.5 

30 
20 
8 

Ni t r id ing  conditions Hardness a t  a load of 
kg/mm2, a t  a d i s tance  

t h e  surface,  mm 
Depth of 
layer," e u )  

Technical t i tanium VT1 

50 g ,  
from 

- 
367 
367 
367 
381 
381 
367 
367 
367 
753 
346 

mioy vr3-1 

Alloy vT4 

- 
930 
950 
930 
950 
9.50 
950 
950 
870 - 

- 
0.3 
0.33 
0.3 
0,09 
0.09 
0,3 
0.2 
0.09 

- 
353 

1225 
$413 
1072 
508 

1144 
1144 
412 

~ 

- 
353 
429 
447 
447 
412 
447 

1005 
412 

8 
8 
8 
8 
7.5 

30 
20 
8 

760 
1 

10-1 
10-1 

3.10- 
760 
10-1 
10-1 

760 
100 

1 
IO-' 
10-1 
IO-' 

3.10- 
7G0 
10-1 
10-1 

0.3 
0.35 
0.33 
0.3 
0.09 
0.03 
0.09 
0.3 
0.27 
0.09 

946 
1313 
1072 
1144 
1144 
1313 
1144 
1144 
1005 
1144 

753 
891 
946 

1005 
1005 
1144 
891 
891 

1005 
1005 

429 
644 
841 
84 1 
84 1 

1005 
41 2 
753 

1005 
795 

41 2 
41 2 
508 
417 
412 
644 
396 
532 
841 
381 

396 
396 
412 
396 
41 2 
41 2 
396 
412 
753 
381 

Alloy VT 

508 
713 

1005 
753 
644 

1006 
487 
841 
841 
3 

412 
412 
713 
508 
429 
508 
412 
412 
753 
41 2 

~ 

_ .  
367 
367 
41 2 
412 
412 
412 
396 
367 
713 
367 

950 
.!I50 
050 
930 
930 
950 
950 
950 
930 
870 .- 

0.30 
0.38 
0.33 
0,30 
0.09 
0.03 
0.09 
0.3 
0.27 
!!SL 

753 
891 

1225 
891 
946 

1144 
713 
891 
891 
713 

946 
94 6 

1313 
1144 
I l k 4  
1225 
946 
946 
946 
795 



0.3 
0 .3s  
0.3 
0 .  :: 
0 .  U!J 
0.03 
0.09 
0.3 
0.27 
0.09 
0.03 

0.:; 
0.38 
0.::3 
0.3 
0.09 
0.03 
0.09 
0 . 3  
0 .  "7 
o.O!J __ 

of t h e  l aye r  increased 2.5-fl 

I I :'I 

131:; 
1.14'1 
122.5 
11/1'1 
100.5 
1072 
1072 
1154 

Alloy '13 - A1 - SII 
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of almost 3. 

The weight gain of  t h e  specimens per u n i t  surface increased by a f a c t o r  

The smallest increase i n  t h e  depth of t h e  n i t r i d e d  l a y e r  a t  1 mm Hg was 
obtained with specimens of  technical  t i tanium and of t h e  a l l o y  VT3-1. 

A t  a pressure of 10-1 mm Hg and a ni t rogen consumption of 0.3 l/min (tem- 
perature ,  950') t h e  depth of t h e  n i t r i d e d  l a y e r  obtained w a s  somewhat l e s s  than 
a t  1 mm H g .  
a t  t h i s  pressure promoted an increase i n  t h e  depth of  t h e  l a y e r  and a decrease 
i n  t h e  depth of  t h e  n i t r i d e  zone. On specimens of t echn ica l  t i tanium and a l l o y s  
VT3-1, VT4 and Ti-Al-Mo a t  a pressure of 10-1 mm Hg and a t  a ni t rogen consump- 
t i o n  of 0.09 l/min, t h e  depth of t he  l a y e r  obtained w a s  g r e a t e r  than 1 mm Hg 
and 0 .3  l/min. 
a l l o y  i s  obtained a t  a c e r t a i n  d e f i n i t e  pressure and ni t rogen consumption. 

However, a decrease i n  ni t rogen consumption t o  0.03-0.09 l/min 

Hence, it follows t h a t  t h e  maximum depth of  t he  l a y e r  i n  each 

A f u r t h e r  decrease i n  pressure t o  3 x lo-* mm Hg l e d  t o  a sharp decrease 
i n  the depth of t he  n i t r i d e d  l a y e r  and t o  a decrease i n  hardness, desp i t e  t h e  



f a c t  tha€ t h e  n i t r i d e  zone w a s  minimum (less than  1 p).  
i n  t h e  ni t rogen consumption was required a t  t h i s  pressure.  

Obviously, an increase 

. After  n i t r i d i n g  for 20 h r  a t  950°, a pressure  of 10-1 mm Hg and a ni t rogen 
supply r a t e  of 0.27 l/min, t h e  depth of t h e  n i t r i d e d  l a y e r  w a s  found t o  be 1.5 
times g rea t e r  than after n i t r i d i n g  f o r  30 hours a t  normal pressure with t h e  
o the r  conditions being t h e  same, although f o r  t h e  majori ty  of t h e  a l loys  the  
pressure of 10-1 mm Hg and ni t rogen supply rate of 0.27 l/min were not t he  
optimum values. 

Photomicrographs ( f i g .  2) show t h e  n i t r i d e d  l a y e r  obtained on a l l o y  VT5 
a f t e r  s a tu ra t ion  a t  normal pressure ( f i g .  2a) and a t  a pressure of 10-1 mm Hg 
( f i g .  2 b ) .  

Figure 2. Microstructure of n i t r i d e d  l a y e r  on a l l o y  V @ , x ’ j O O ,  
obtained: a, after 30 hr ,  a t  950° and normal pressure;  b, af ter  
20 h r  a t  950° and a pressure of  0.1 mm Hg. 

I n  a l l  the  a l loys ,  t h e  depth of t h e  l a y e r  following an 8-hr n i t r i d i n g  a t  
870° and 1 and 10-1 mm Hg was g rea t e r  than a f t e r  n i t r i d i n g  a t  normal pressure.  

These results ind ica t e  t h e  p o s s i b i l i t y  of lowering t h e  temperature when 
t h e  n i t r i d i n g  process i s  ca r r i ed  out i n  r a r e f i e d  ni t rogen.  

Specimens of a l loys  VT1 and VT5 n i t r i d e d  f o r  8 h r  a t  950°, 1 mm Hg and a 
ni t rogen consumption of 0.3 l/min, w e r e  subjected t o  wear-resistance tests on 
an Amsler machine i n  a couple with n i t r i d e d  steel r?lls. 



The t e s t s  were ca r r i ed  out  under t h e  following conditions:  load 25 kg/mm2; 
s l i p  rate of roll, 0.4 m/sec; t e s t i n g  t i m e ,  2 h r ;  medium, kerosene. 

The t e s t s  showed a high wear r e s i s t ance  of t h e  surface of specimens n i t r i d e d  
i n  r a re f i ed  ni t rogen.  The magnitude of t h e  w e a r  ( a  f e w  t en ths  of one milligram) 
and coe f f i c i en t  of f r i c t i o n  (0.14-0.15) w a s  t h e  same as i n  specimens n i t r i d e d  a t  
normal pressure.  

TABLE 3 

MECHANICAL CHARACTERISTICS OF SPECIMENS OF ALLOY VT4 

Before n i t r i d i n g  

Ni t r id ing  a t  1 mm Hg 

Ni t r id ing  a t  normal pressure 
and 950' f o r  30 h r  

Number of 
specimens 

3 

3 

3 

14.8 

11 .o 

11.2  

34.5 

25.8 

34.3 

4.9 

5 .3  

4.9 

The mechanical c h a r a c t e r i s t i c s  of t h e  core of t h e  specimens of a l l o y  vT4 
were determined after n i t r i d i n g  i n  r a re f i ed  ni t rogen under the  following condi- 
t i o n s :  
0.36 l /min.  

temperature, 950'; t i m e ,  20 hr ;  pressure,  1 mm Hg; n i t rogen consumption, 

Results of the  tes ts  are given i n  t a b l e  3. 

These da ta  ind ica te  t h a t  t he  mechanical c h a r a c t e r i s t i c s  of t he  specimens of 
a l l o y  vT4 a f t e r  n i t r i d i n g  i n  r a r e f i e d  ni t rogen undergo l i t t l e  change and are suf-  
f i c i e n t l y  high f o r  p a r t s  operat ing under f r i c t i o n .  

Summary 

1. During n i t r i d i n g  of t i t an ium a l loys ,  a decrease of t he  pressure i n  t h e  
chamber from 760 t o  1-0.1 mm Hg leads  t o  a 1.5-2.0-fold increase i n  t h e  depth 
of t he  n i t r i d e d  l aye r ,  while t h e  thickness  of t h e  b r i t t l e  n i t r i d e  zone i s  r e -  
duced severalfold.  

2. It w a s  es tab l i shed  t h a t  f o r  each t i tanium a l l o y  a t  t h e  same temperature 
and n i t r i d i n g  time the re  should e x i s t  c e r t a i n  pressures  and a ce r t a in  ni t rogen 
consumption a t  which a maximum depth of t h e  l a y e r  can be obtained. 

3. The l aye r  obtained i n  r a r e f i e d  ni t rogen resists wear s a t i s f a c t o r i l y ,  
and i t s  wear r e s i s t ance  i s  as high as t h a t  of t h e  l a y e r  obtained by n i t r i d i n g  
a t  normal pressure.  



4. The mechanical characteristics of the core of the specimen of alloy VT4 
following nitriding in rarefied nitrogen differ very little from the character- 
istics obtained in specimens nitrided at normal pressure (the ultimate and impact 
strength are somewhat increased; the elongation per unit length and contraction 
remain practically the same). 
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CORROSION OF TITANIUM ALLOYS OF SERIES VT AND AT IN SOLUTIONS 
OF SULFURIC ACID CONTAINING NICKEL SULFATE 

S. A .  Nikolayeva and V. A. Zinov’yev 

Sulfate solutions resulting from nickel production always contain excess 
sulfuric acid. Since at the present time titanium is finding increasingly wider 
applications as a structural material in the nickel industry, it appeared of 
interest to study the influence of nickel sulfate additions on the corrosion 
properties of titanium in sulfuric acid. In order to have a wider choice of 
structural material, the corrosion behavior of titanium alloys of series VT and 
AT was also investigated. 

Our industry produces technical titanium VTl of different types. We studied 
the corrosion resistance of sheet, rod, and forged titanium. Rod titanium was 
found to have the highest resistance to corrosion. It showed a tendency toward 
passivation at room temperature even in sulfuric acid with a concentration of 
300 g/l. Sheet and forged titanium showed approximately the s a m e  rate of corro- 
sion of sulfuric acid with a concentration of 164 g/l, so that subsequently, the 
average corrosion rate of specimens of forged and sheet titanium was taken a s  
the value of the corrosion rate of alloy VT1 at room temperature. The corrosion 
rate w a s  measured by the weight loss of the specimens and calculated in g/m2 hr. 
Prior to the experiment, the specimens were turned on an emery wheel, then 
washed with water containing soda, dried, washed in carbon tetrachloride, and 
weighed. 

The experiments were carried out in glass flasks with reflux condensers at 
room temperature and at 100’; nickel salts were added in the form of sulfates, 
and the concentration was calculated in ternis of the metal in g/l. 

As a d e ,  the corrosion rate of the investigated specimens at room temper- 
ature was not established immediately: at the start of the experiment, an 
induction period was observed during which the corrosion rate grcdually increased. 
These experiments lclsted a long time (up to 1500 hr). At looo, the corrosion 
rate was very high, and for this reason the experiments could not be long and 
lasted 10 hr. Otherwise, the composition of the solution could have chLulged 
substantially, and the specimens could have dissolved. The corrosion rate of 
titanium was studied in sulfuric acid of various concentrations. Some of the 
solutions of sulfuric acid contained nickel sulfate additions, others did not. 
The values which we obtained for the corrosion.rates in the investigated sul- 
furic acid solutions are collected in the table. 
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CORROSION RATE OF ALLOYS OF SERIES VT AND AT IN SULFURIC 
ACID CONTAINING ADDITIONS OF SALTS (IN g/m* m) . 

Sulfuric acid concentration, g/l 

164 

Temperature 20° 

0.127 0.081 0.1OG 
0.114 0.263 O.1GG 
0.156 0.147 0.154 

0.485 0.170 0.201 
0.279 0.211 0.257 
0.267 0.212 0.320 
0.288 0.290 0.315 

- -  - 

0.422 

From the data of the table one can conclude 

M 
0 
rl 

.. ~~ ___ 
0.097 

- - -  - $2 GS, 
0.182 0.00150.00130,0025 3!) 78 
0.150 0.00240 00240.0021 72 55 
0.20:3 0.0017’0’00!2~0.00l5 4!)1 83 
0.2GO 0.0021 0.0018 0.0018’ 50 109 
0.345 - - - 130.1 12 

1 :  - 

,hat such alloy components as 
molybdenum and vanadium promote an increased passivation of titanium (alloys 
V’IT-5 and W6); vanadium promotes passivation to a lesser extent than molybdenum 
(alloy VT7). 
denum, otherwise the corrosion rate of alloy VT9-1 would have been smaller. The 
presence of aluminum, tin (alloy VT5-l), manganese (alloy OT4), and iron (alloy 
VT7) increases the corrosion rate of titanium somewhat. 
by chromium, since the corrosion rate of alloys AT6 and AT8 is less than that 
of VT7, OT4 and VT5-1. 

Zirconium a lso  promotes passivation to a lesser extent than molyb- 

Passivation is promoted 

An increase in the concentration of sulfuric acid leads to an increase in 
the corrosion rate. It should be noted, however, that in sulfuric acid with a 
concentration of 83 g/l at room temperature, the corrosion rate is practically 
nil; in sulfuric acid with a concentration of 164 g/l, the corrosion rate in- 
creases by a factor of approximately 150-300 times, i.e., in the preceding case 
a clear-cut passivation of the specimens was observed. 

Addition of nickel sulfate to sulfuric acid of various concentrations has 
a very special influence on the corrosion rate. 



Let us examine the curves representing the corrosion rate versus sulfuric . acid concentration (fig. 1) in the presence and absence of nickel sulfate (100 
g/l Ni). 
difficulk to observe because of the low corrosion rate; in sulfuric acid with a 
concentration of 83 g/l, the addition of nickel sulfate increases the corrosion 
rate by a factor of almost 200. 
g/l, this phenomenon is practically absent. 
fate activates the corrosion of titanium alloys, and in other cases, this acti- 
vation is lacking. 

In sulfmic acid with a concentration of 20 g/l, this phenomenon is 

I n  sulfuric acid with a concentration of 164 
Thus, in certain cases, nickel sul- 

The influence of nickel sulfate was more clearly observed at 100'. The 
addition of nickel sulfate in the amount of 10 g/l Ni to acid with a concentra- 
tion of 164 g/l decreased the corrosion rate somewhat in all cases. 
examine the corrosion rate of alloy VTl versus the nickel concentration in the 
solution of sulfuric acid with a concentration of 164 g/l (fig. 2). 
dent from this figure that small amounts of nickel present in the solution 
activate the corrosion of titanium, and that a further rise in the nickel con- 
centration causes a decrease in the corrosion rate. For comparison, a series 
of experiments was carried out in order to determine the influence of nickel 
sulfate additions. The sodium sulfate concentrations were chosen so that the 
sulfate ion content would correspond exactly to the concentration of this ion 
produced by the addition of nickel sulfate. From the figure, it is apparent 
that the sulfate ion very definitely decreases the corrosion rate of titanium. 
This is in accord with the data of V. V. Andreyeva and V. I. Kazarin (ref. l), 
who a l s o  observed a maximum corrosion of titanium in 40 percent sulfuric acid 
at 40'. The activation of the corrosion of titanium and its alloys by 
nickel ions is apparently due to the cementation of nickel on the dissolving 
surf ace. 

Let us 

It is evi- 

We occasionally observed the presence of nickel on the titanium surface by 
inspecting the specimens under the microscope and analyzing the surface forma- 
tions. However, the cementation of nickel was not always detected; nor did the 
corrosion rate always increase in the presence of nickel ions. In particular, 
in sulfuric acid with a concentration of 164 g/l, the influence of nickel was 
lacking not only when it was added up to a concentration of 100 g/l, which 
markedly increased the sulfate ion concentration, but also when nickel was added 
in concentrations of 0.1 and 10 g/l, when the sulfate ion concentration remained 
practically unchanged. This leads to the hypothesis that complexes of nickel 
with excess sulfate ions are formed, thus substantially decreasing the free con- 
centration of nickel ions (ref. 6). 
down, and the influence of nickel sulfate additions is clearly manifested. 

At high temperatures, such complexes break 

The value of the steady state potential of dissolving titanium is very in- 
teresting. 

In all cases where the specimens are in the passivated state, the value of 
the steady state potential is between -0.25 and -1-0.02 V (relative to the stand- 
ard hydrogen electrode). This is in agreement with the data of refs. 2 and 3. 

The dissolution of titanium specimens at a rate of 0.1 g/m2 hr and higher 
begins at a potential of -0.3 V and at higher negative potentials. 



Figure 1. Corrosion rate versus s u l f u r i c  ac id  concentration 
f o r  various t i tanium a l loys  i n  the  presence (Curves 1, 3, 5 ,  
7, 9, 11) and absence (Curves 2, 4, 6, 8. 10, 12)  of n icke l  
sulfate a t  20°: 1 and 2, a l l o y  W5-1; 3 and 4, a l loys  AT40, 
V T l O ,  vT/, OTl; 5 and 6, a l loys  V?g, AT3, AT6, AT8; 7 and 8, 
a l loys  VT8, VT3-1, V T ~ ;  9 and 10, a l loys  VT14, AT2-2, AT2-3; 
11 and 12, a l l o y  VTl5 .  

Dissolution a t  t h e  rate of 1 g/m2 h r  and higher i s  characterized by a 
steady state po ten t i a l  of -0.4 V. 

It should be noted t h a t  these  values of steady state po ten t i a l s  also par- 
In  2 N.HzS04, t o  which up t i a l l y  correspond t o  a passivated t i tanium surface.  

t o  1 N . N a F  w a s  added, i . e . ,  i n  t he  case of an ac t ive  t i tanium surface (refs. 4, 
5 ) ,  t he  steady state p o t e n t i a l  of specimens of a l loys  VT1 and W8 w a s  respec- 
t i v e l y  -0.622 and 0.582 V. 

F ina l ly ,  a series of experiments devoted t o  t h e  study of t he  influence of 
copper sulfate ed i t i ons  w a s  car r ied  out .  

I n  most cases,  copper i s  present as an impurity i n  t h e  e l ec t ro ly t e s  of 
n icke l  production, and for t h i s  reason i t s  inf luence appeared of great i n t e r e s t .  
me amount of copper sulfate added t o  s u l f u r i c  ac id  with a concentration of 164 
g/l w a s  respec t ive ly  equal t o  0.002, 0.02 and 2 g / l  ( i n  terms of copper). 
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Figure 2. Corrosion 
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rate of titanium VT1 versus concentra- 
tion of nickel sulfate and sodium sulfate added to sulfuric 
acid (164 g/l) at 90'. 

By cementing on the surface of titanium, copper shifts its steady stat? 
potential toward the positive side. Titanium thus falls into the region of 
passivation, so that, as can be seen from the table, its corrosion rate prac 
tically drops off to zero even when copper is added to the solution up to a 
concentration of 0.02 g/l. 

Let us examine the dependence of the steady state potential of titanium on 

These experiments were carried out with rod 
time for various amounts of sulfate added to the solution of sulfuric acid with a 
concentration of 164 g/l (fig. 3). 
titanium V T l ;  at 20°, the tendency of titanium toward passivation is apparent 
from the graph. The points corresponding to the steady state potentials of 
titanium at 90' are located a little higher. In this case, copper shifts the 
steady state potential to the positive side only slightly, so that titanium 
does not fall into the region of passivation, and this leads to an increase in 
the corrosion rate from 44 to 5 1  g/m2 hr (0.002 g/l Cu) and to 56 g/m2 hr 
(0.02 g/l cu) . 

Thus, it may be stated in summary that the regularities corresponding to 
alloy VT1 are also characteristic of the other titanium alloys. The absolute 
values of the corrosion rates of titanium alloys are different from those of 
alloy VT1. 

The alloys VTl5, VT14, AT2-1, AT2-2, and AT2-3 displayed a good corrosion 
resistance in strong sulfuric acid solutions of nickel. 

The other investigated alloys showed either a slightly higher or even a 
lower corrosion resistance than did alloy VTl. The study of the influence of 
the ions on the corrosion resistance of titanium alloys has led to the conclu- 
sion that the sulfate ion promotes the passivation of these alloys. Nickel 
ions basically activate the corrosion of titanium alloys, and copper ions act 
in a similar manner, but shift the steady state potential only slightly; if, 
however, the value of the steady state potential shifts into the passivation 
region, the corrosion is practically reduced to zero. 
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Figure 3. Change in the steady state potential of titanium 
vT1 in time with sulfuric acid containing additions of cop- 
per sulfate: 1, 164 g/l; 2, 164 g/l "$04 + 0.002 g / l  CU; 
3 ,  164 g / l  H SO4 + 0.02 g/l Cu; 4, 164 g/l H2S04 + 0.2 g/l 
Cu; 5 ,  164 g71 H2SO4 + 2.0 g/l Cu. 
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CHEMICAL STABILITY OF TITANIUM IN CERTAIN AGGRESSIVE MEDIA AND 
SCOPE OF ITS USE IN CHEMICAL INDUSTRIAL EQUIPMENT 

S. M. Babitskaya, V. A. Strunkin, 
T. P. Zal'tsman, and Yu. I. Sorokin 

Effect of Chlorine on the Corrosion of Titanium in Sulfuric Acid 

Chlorine inhibits the corrosion of titanium in 50 and 87 percent sulfuric 
It appeared interesting to study this phe- acid at room temperature (ref. 1). 

nomenon over a wider range of temperatures and sulfuric acid concentrations. 

As is evident from the graph, the dependence of the solubility of tita- 
nium on the concentration of sulfuric acid is much more complex than on the 
concentration of hydrochloric acid: there are two maxima at concentrations 
of 40 and 80 percent and a minimum at 60 percent (independent of tempera- 
ture). These data are in good agreement with those of Golden et al. (ref. 2). 

At room temperature, titanium is stable toward sulfuric acid continuously 
saturated with chlorine and having concentrations of 10-80 percent. 
percent sulfuric acid, the corrosion rate of titanium does not exceed 0.1 
"/year during the first 50 hr, after 100 hr reaches 0.3 "/year, and after 
200 hr, about 0.8 "/year. 
furic acid saturated with chlorine and having concentrations of 80 and 95 
percent, titanium specimens ignited after 34 and 7 hr, respectively. 

In 95 

It should be noted that in the vapor over sul- 

At 600, the protective action of chlorine is distinctly manifested only 
up to a 
drops off to zero. 

40 percent sulfuric acid concentration, above which it practically 

0 As the temperature rises to 90 , the protective action of chlorine 
is preserved up to a 40 percent concentration of sulfuric acid, the same as 
at 600, but the corrosion rate is no less than 0.3 m/year in 10 percent 
sulfuric acid, and in 40 percent sulfuric acid the corrosion rate reaches 
1 "/year. 

It is interesting to note that in 60 and 95 percent sulfuric acid, 
chlorine increases the corrosion rate of titanium somewhat. 

No ignition of specimens in the vapor was observed at 90' (the testing 
lasted 200 hr). 
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Figure 1. Effect of chlorine on the corrosion of tita- 
anium by sulfuric acid. 1--at 20°, without chlorine; 
2--at without chlorine; 3--at 90° without chlorine; 
4-- at 20' with chlorine; 5--at 600 with chlorine; 6-- 
at 900 witn chlorine. 

Chemical Stability of Titanium in Organic Acids 

Organic acids are much weaker than mineral ones, as indicated by their 
dissociation constants (refs. 3, 4). For example, t,he dissociation constant 
of a 0.1 N solution of acetic acid is approximately 100 times smaller than 
the dissociation constant of a 0.1 N solution of bydrochloric acid. 

No direct dependence of the corrosion rate of the metal on the dis- 
sociation constant is observed (ref. 5 ) . 
considerably (refs. 5-10), differing very little in this respect from strong 
mineral acids. This is explained by their peculiar characteristics: high 
solubility of the salts formed, ability to form water-soluble complexes with 
metals, oxidation-reduction properties, and other properties. Thus, one 
should not state in advance that, because of their weak dissociation organic 
acids are not very corrosive: it all depends on the surrounding conditions. 
Such slightly dissociated organic acids as acetic, formic, oxalic, maleic, 
phenoxyacetic, and certain other acids substantially corrode cast iron, steel 
and other metals. Still more corrosive are certain substituted organic acids 
whose dissociation constan-ts are considerably higher. For example, trichloro- 
acetic acid is comparable in strength to mineral acids. 

i'ertain organic acids corrode metals 

The literature contains only sparse indications concerning the corrosion 
resistance of titanium in organic acids (refs. 9, SO). 
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Experiments which we carried out atlOOo and with stirring have shown (see 
table) that in many organic acids titanium is characterized by a good corrosion 
resistance (the corrosion rate did not exceed 0.01 "/year). 
oxalic acid, titanium is strongly attacked (corrosion rate, about 100 "/year, 
i.e. , it is approximately the same as in 20 percent hydrochloric acid). An un- 
satisfactory stability of titanium w a s  also observed in formic, tartaric, and 
citric acid, and also in a mixture of glacial acetic acid and acetic anhydride. 

However, in 

It is interesting to note that in 50 percent formic acid there is observed 
an unexplained scatter of data: 
rate, about 3.5 mm/y??), whereas the corrosion rates of the other two did not 
exceed 0.08 "/year. The presence of the aldehyde group makes it possible to 
use this acid as a reductant. The strong acid properties of formic acid (its 
dissociation constant is 12 times that of acetic acid) and its aldehyde char- 
acter promote the corrosion of metals whose chemical stability is based on the 
formation of an inert oxide film (titanium, stainless steels, aluminum). 

one specimen was strongly attacked (corrosion 

The marked corrosion of titanium in hot solutions of oxalic and tartaric 
acid and the higher corros,iveness of citric acid are apparently due to the 
formation of complexes readily soluble in water. 

In all cases, the corrosion was uniform, and in 50 percent citric acid 
pitting corrosion was observed. 

New Area of Application of Titanium in Industrial Chemical Apparatus 

The studywhich was carried out has revealed new prospects for the use of 
titanium equipment in processes involving hydrochloric, hydrobromic, hydriodic 
and sulfuric acid containing free halogens. 

Titanium is recommended as a structural material for :I;ip:tratus designed 
for use in chlorination processes in a medium of hydrochloric acid. 

At one plant, successful use has been made for more than a year of titanium 

In order 
tips of thermocouple sleeves operating under conditions of chlorination of the 
organic product in a medium of 18 percent hydrochloric acid at 60-65O. 
to provide for mechanical strength, the sleeve is made of two parts: the top 
f r o m  a thick-walled steel tube, and the bottom (the working surface of the sleeve) 
from titanium. The connection between the two parts is threaded. The steel and 
the contact area of the metals are rubberized. It is interesting to note that 
under these conditions the thermometer sleeve had once been used as an auxiliary 
electrode for a level gage. It was then supplied with an alternating current 
of industrial frequency. After a short time, corrosion was observed on the 
titanium, holes were formed through the entire thickness of the part, and the 
operation of the latter failed. 

Laboratory experiments confirmed the harmful effect of alternating current 
on titanium; the same effect had been observed under industrial conditions. In- 
deed, specimens of titanium VT1 in a medium of 20 percent hydrochloric acid con- 
tinuously saturated with gaseous chlorine at 60° displayed a pronounced pitting 



TABU. CORROSION OF TITANIUM VTl I N  ORGANIC ACIDS AT 100' 
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20 
20 

20 
20 
20 

30 
30 
30 

25 
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25 

50 
50 
50 

25 
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50 
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_______ 

~~ 

WITH STIRRING. 

25 0,000 
50 0,000 

100 0,oOo 

25 0,000 
50 0,000 

100 0,000 

25 0,000 
50 0,000 

100 0,000 

25 0,029 
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100 0,174 
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25 0,019 
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11 

11 
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11 

11 

Adipic 
I t  

I t  
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11 

I1 

Tartaric 
11 

I t  

1 1  

1 1  

11 

Citric 
11 

11 

11 

11 

11 
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11 

11 

Monochloroacetic 
(molten) 

11 

11 

Formic 
I1  

11 

p- aminobenzoic 
I f  

11 
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0,003 
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45 25 0,000 
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45 

I I 

in rate, mm/yr 
in 

vapoi 

0,OOo 
0,009 
0,014 

0,009 
0,000 
0,OOO 

0,000 
0,000 
0,000 

0,000 
0,000 
0,000 

0,000 
0,005 
o,@Jo 

0,000 
0,019 
0,000 

0,000 
0 , m  
0,000 

0,000 
0,000 
0,002 

0,000 
0,000 
0,000 

0,009 

0.000 
0,000 

0,000 
0,005 
0,000 

0,OOO 

0,000 
0,OOO 

At inter- 
face 

~ . .  ~ 

- - 
0.001 

- 
- .  

0,734 

- - 
0,004 

0,003 -- 
L - 

1,881; 
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TP;BLE (Continued) 
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I t  

11 
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11 

11 
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1 1  
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11 

I1  
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I1  

1 1  

Phenoxyacetic 
11 

I1  
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(mol t.e n ) 

I‘ 

I t  

Oxalic 
11 

11 

11 

I t  

I t  
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11 
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I1  
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-. ___ 
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50 
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25 
50 
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50 
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50 

100 

25 

50 
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50 
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25 
50 

100 

25 
50 

100 
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50 
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- 

__-- 
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- - - .. . . - 

0.000 
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0.003 

0.000 
0.000 
0.002 

0.000 

O.OO0 0.000 
0.002 1 0.000 

0.000 0.000 

0.000 0.000 
0.000 0.000 

1,667 0.000 
1.640 0.000 
1 .063 0.000 

0.000 0.085 
0.009 0.000 
0.000 O.OO0 

0.000 
0.000 
0.000 

0.000 
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0.000 

0.000 

I_ - . 
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0.000 
0.000 

0.000 
0,005 
0.000 

0.000 

.___i_ 

~ 

I 
0.000 0.000 
0.003 0.000 

35.568 0.236 
43. O M  0.194 
30.981 0.269 
90.856 10.343 
- 0.261 

28.442 3.009 

0.005 

_ _ _ . _ _ _ ~  

0.000 O.OO0 
O.OO0 0.004 
O.OO0 0.70 _ _ _ -  



corrosion after only 42 hr under the influence of alternating current of in- 
dustrial frequency (current density, 3.5 A/dm2).  A surface 0.06 dm2 in area 
had about 35 pits, each 1 mm deep. 

A titanium bubbler for feeding gaseous chlorine operated success- 
fully for over 600 hr in the course of chlorination of an organic product in 
hydrochloric acid at 50'. Before being introduced into the reactor, the 
chlorine from the cylinder is deliberately humidified, since d r y  gaseous 
chlorine ignites titanium even at room temperature. 

It has been recommended that titanium equipment be used in the process of 

The bromination of the.product is rapid (a few minutes), so that 
bromination of organic products in aqueous media at temperatures from zero to 
3' (pH = 1). 
the possibility of separation of the bromine in a separate phase is excluded. 
Otherwise, the use of titanium equipment would be inadmissible because of the 
danger of pronounced local corrosion and even ignition of the metal. 

In boiling aqueous solutions of maleic acid (particularly in the presence 
of organic solvents), the following metals corrode : carbon steel, stainless 
steels 1Kh18N9T and 1Khl8N1~TY copper, nickel, aluminum, and lead. 

In our laboratory it was shown that titanium VT1 is quite stable under 
these conditions. 
which have already been in operation for several thousand hours are being 
used by one plant in the dehydration of maleic acid. 

Titanium sleeves f o r  thermocouples (wall thickness 1.5 mm) 

An experimental laboratory column of a dehydrator of maleic acid was 
made of titanium VT1 and consists of 5 tube drums each 250 mm and 1.5-2 mm 
thick. The column operated f o r  200 hr without corrosion damage. 

Summary 

1. Titanium is distinguished by a good chemical stability in a series 
of organic acids. In addition, it was noted that in a mixture of glacial 
acetic acid and acetic anhydride, and in tartaric, formic, and particularly 
acetic acid, titanium is strongly attacked. 

2. Free chlorine substantially inhibits the corrosion of titanium by 
sulfuric acid. 

3. The study revealed new areas of application of titanium equipment in 
the chemical industry. 
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C H E s I I C f i  STABILITY OF TITANIUM I N  HYDROHALIC ACIDS AND HALOGENS 

Kh. L. Tseyt l in ,  L. L. Fayngol'd and V. A. Strunkin 

Ef fec t  of Halogens on t h e  Corrosion of Titanium by 
Hydrohalic Acids 

I n  industry,  t h e  choice of materials f o r  t h e  equipment used i n  processes 
involving hydrohalic ac ids  i s  associated with c e r t a i n  d i f f i c u l t i e s .  A s  a rule,  
halogens enhance t h e  corrosion of metals by hydrohalic acids.  Thus, i n  t h e  
presence of free chlorine,  t he  rate of d i s so lu t ion  of i ron ,  copper, n icke l ,  lead 
and c e r t a i n  o the r  metals i n  hydrochloric acid increases  rapidly (ref. 1). A 
s a t i s f a c t o r y  s t a b i l i t y  under these conditions i s  displayed only by tantalum, a 
scarce and expensive metal (ref. 2) .  

A t  room temperature, t i tanium is  stable i n  hydrochloric acid only up t o  a 
concentration of 5 percent.  I n  20 percent hydrochloric acid, t h e  corrosion rate 
o f  t i tanium i s  0.5 mm/yr, and i n  36 percent HC1, it a t t a i n s  41 m/yr (ref. 3). 
Only general  d a t a  are available concerning t h e  chemical s t ab i l i t y  of t i tanium 
i n  hydrobromic and hydriodic acids  (refs. 4 and 5 ) .  

It w a s  i n t e r e s t i n g  t o  determine t h e  influence of halogens on the  chemical 
s t a b i l i t y  of t i tanium i n  hydrohalic acid.  

Until recent ly ,  no such d a t a  were avai lable  i n  t h e  l i t e r a t u r e .  Only i n  
1959-1960 w e r e  s t u d i e s  publ5shed which described the  e f f e c t  of chlor ine on t h e  
corrosion of t i tanium by hydrochloric acid.  Titanium w a s  recommended as a 
s t r u c t u r a l  material f o r  chlor inat ing apparatus i n  aqueous media ( r e f .  6). 

The corrosion rate o f  t i tanium i n  6 N solut ions of hydrohalic ac ids  a t  room 
temperature i s  in s ign i f i can t ,  less than 0.6 m/yr ( f i g .  1). 
does not corrode i n  t h e  vapors of the  acids.  

Titanium p r a c t i c a l l y  

When the  temperature i s  raised t o  60°, t h e  corrosion ra te  of t i tanium in-  
creases  almost 100 times. 

Titanium corrodes more s t rongly i n  hydrochloric than i n  hydrobromic acid.  
I n  t h e  vapors of t hese  acids,  t h e  corrosion increases  markedly and reaches con- 
s iderable  proportions.  

A t  goo, t h e  corrosion rate of t i tanium a t t a i n s  huge proportions (about 400 
I n  the  vapors of m/yr i n  hydrochloric acid and 72 m / y r  i n  hydrobromic ac id) .  

t hese  ac ids ,  t h e  corrosion i s  considerably weaker, but s t i l l  very subs t an t i a l .  
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An exception 

20 4ff  60 86' 7UU 
t. =c 

Figure 1. Effec t  of temperature on the  r a t e  
of corrosion of t i tanium by 6 N so lu t ions  of 
hydrohalic acids  f o r  a t e s t i n g  time of 10 hrs.  

among hydrohalic acids  i s  hydriodic ac id .  Experiments have 
shown t h a t  t i tanium i s  f a i r l y  stable i n  hydriodic acid containing f r e e  iodine up 
t o  90' ( the  corrosion r a t e  d i d  not exceed 0.15 mm/yr) . 
a t  the conclusion of the  tests (after 1300 h r s ) ,  as a r e s u l t  of t h e  pronounced 
ox id izab i l i t y  of hydriodic acid,  the  concentration of f r e e  iodine i n  the  acid 
increased t o  0.9 g-eq/l  a t  60° and t o  3 g-eq/l  at 90'. I n  order  t o  t i e  up the  
f r e e  iodine i n t o  hydriodic acid,  1 percent of red phosphorus was added. Hy- 
dr iodic  acid w a s  thus r i d  of free iodine,  but w a s  contaminated with a s m a l l  
amount of phosphorous acid H PO I n  such a system a t  600, t he  corrosion r a t e  
of t i tanium did not exceed 0.04 m / y r  a f t e r  200 hrs ,  but w a s  already 1.3 mm/yr 
a f t e r  500 hrs ,  and reached about 3 m / y r  a f t e r  1000 hrs .  

It should be noted t h a t  

3 3' 

I n  a l l  cases,  t he  addi t ion of t he  halogen t o  hydrochloric and hydrobromic 
acid i n h i b i t s  the corrosion r a t e  of t i tanium ( f i g s .  2 and 3) ,  and t h e  e f f e c t  of 
pro tec t ive  ac t ion  decreases with r i s i n g  temperature A t  20°, about 0.001 
g-eq/l of free halogen i s  already s u f f i c i e n t  f o r  a complete cessat ion of t h e  
corrosion of t i tanium by 6 N €IC1 a f t e r  50 hrs  of t e s t ing .  
of pro tec t ive  act ion reaches 250 a t  t h e  maximum concentration of the  halogen 
( the so lu t ion  i s  i n i t i a l l y  sa tu ra t ed ) ,  and at 90°, t h e  pro tec t ive  ac t ion  of t he  
halogen (with a s ingle-s tage sa tu ra t ion  of t he  acid by the  halogen) i s  observed 
only i n  the  course of t h e  f i rs t  5 hrs ,  after which it disappears completely. 

A t  60°, t h e  e f f e c t  

As  the i n i t i a l  halogen concentration rises, the  d isso lu t ion  r a t e  of 
t i tanium decreases ( f i g .  3 ) .  

An increase i n  t h e  t e s t i n g  t i m e  decreases the  e f fec t iveness  of t h e  protec- 
t i v e  ac t ion  of the  halogen. 

%he e f f e c t  of p ro tec t ive  ac t ion  i s  equal t o  t h e  r a t i o  of t h e  corrosion rate 
i n  t h e  pure acid t o  t h e  corrosion rate i n  t h e  halogen-containing acid.  
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Figure 2. Influence of hdogen  concentration i n  
6 N HC1 so lu t ion  on t h e  e f f e c t  of p ro tec t ive  ac- 
t i o n  during t h e  corrosion of t i tanium for a tes t -  
ing t i m e  of 50 hrs .  
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Figure 3. Influence of halogen concentration on 
the  corrosion of t i tanium i n  6 N so lu t ions  of 
hydrochloric and hydrobromic ac ids  a t  60° f o r  t he  
following t e s t i n g  t i m e s :  

2, 25 hrs ,  Ki3r + Br2; 3, 50 hrs ,  HBr + Br2; 4, 100 

1, 1 0  hrs ,  HBr + Br2; 

h rs ,  HBr + Br2; 5 ,  10 h r s ,  H C l  + C12(Br2, 12 ) ;  6, 

25 h r s ,  HC1 + C12(Br2, 12);  7, 50 hrs ,  HC1 + C12  

(Br2, 12 ) ;  8, 100 h r s ,  H C l  + CI2(Br2,  12). 

Chlorine, bromine and iodine i n h i b i t  t he  corrosion rate of t;tanium by 6 N 
H C l  t o  t h e  same exten t .  

I n  6 N HBr, t h e  addi t ion of bromine a l s o  s u b s t a n t i a l l y  i n h i b i t s  t h e  corro- 
s ion  rate of titanium, but t h e  p ro tec t ive  ac t ion  of bromine i n  t h i s  case i s  
longer and i s  manifested a t  higher temperatures (up t o  go0) than i n  the  case 
of hydrochloric acid.  



Chlorine w a s  used as an example t o  show the  e f f e c t  of hydrochloric acid 
concentration on the  rate of corrosion of t i tanium by the  pure acid and acid i n  
t h e  presence of t h e  halogen ( f ig .  4) .  A t  room temperature, t i tanium i s  stable 
a t  any concentrations of hydrochloric acid being continuously saturated with 
gaseous chlorine,  a t  600 it i s  s t a b l e  up t o  an HC1 concentration of 20 percent,  
and a t  go0, it i s  stable only up t o  an HC1 concentration of 5 percent.  
percent and 36 percent HC1 a t  go0, t he  p ro tec t ive  ac t ion  of chlorine i s  almost 
n i l .  

I n  30 

A s  shown by the  course of the  curves representing t h e  electrode p o t e n t i a l  
of t i tanium versus t i m e  ( f i g .  5 ) ,  the  addi t ion of chlor ine s h i f t s  t h e  p o t e n t i a l  
toward more p o s i t i v e  values; t h i s  e f f e c t  i s  more pronounced t h e  higher the  i n i -  
tial concentration of f ree  chlor ine i n  the  so lu t ion .  With t i m e ,  t h e  p o t e n t i a l  
r e tu rns  t o  less noble values. 

A s  t he  temperature rises, t h e  p o t e n t i a l  s h i f t s  i n t o  the  region of negative 
values. Thus, t he  electrochemical d a t a  e s s e n t i a l l y  confirm t h e  d a t a  of t he  
gravimetric method of determining the  corrosion of t i tanium. 

I n  the  view of many researchers,  t he  d i s so lu t ion  ra te  is  determined by t h e  
electrode p o t e n t i a l  and i s  independent of t he  manner i n  which a given value of 
the  p o t e n t i a l  i s  maintained, whether by po la r i z ing  the  me ta l l i c  sample by an 
ex te rna l  anodic current  o r  by introducing an oxidant i n t o  t h e  so lu t ion  ( r e f s .  
7-11). 
t i a l  assumes values from +O.3 t o  +1.1V, which corresponds t o  t h e  region of 
passivated t i tanium on t h e  p o t e n t i o s t a t i c  curve recorded under t h e  same 
conditions. 

When chlor ine i s  introduced i n t o  hydrochloric acid,  t he  t i tanium poten- 

A higher s t a b i l i t y  of t i tanium (rise i n  t h e  upper temperature l i m i t  of 
s t a b i l i t y  t o  90°, longer- las t ing p ro tec t ive  ac t ion  o f  t he  halogen i n  hydrobromic 
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Figure 4. Influence of chlor ine on t h e  corrosion 
of t i tanium by hydrochloric acid: 1, a t  20° with  
chlor ine;  2, a t  60° with chlorine; 3, a t  90° with 
chlor ine;  4, a t  20° without chlorine; 5, at  600 
without chlorine; 6, a t  90° without chlorine.  
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Figure 5 .  Influence of chlor ine concentration on 
the  electrode p o t e n t i a l  of t i tanium i n  6 N H C l :  
1, without chlor ine a t  25'; 2, 0.01 g-eq/l C12 a t  

25O; 3, 0.027 g-eq/l c12 a t  25O; 4, 0.069 g-eq/l 

C 1 2  a t  25'; 5 ,  without chlor ine a t  60°; 6, 0.002 

g-eq/l ~1~ a t  60°; 7, 0.056 g-eq/l ~1~ at  60°. 

and hydriodic acid wi th  addi t ions of f ree  bromine or iodine,  respect ively,  than 
i n  hydrochloric acid containing free chlor ine)  i s  explained by t h e  g r e a t e r  
s t a b i l i t y  of t he  complex HEW and H I  as compared t o  HC1 ( t h e  equilibrium 

X2 + X1 2 Xk, where X i s  t h e  halogen, i s  almost completely displaced t o  t h e  

l e f t  for HC1) .  

3 3 3 

I n  the  view of N .  D. Tomashov and R. M. Al ' tovskiy (ref.  12), t he  passiva- 

t i o n  of t i tanium i n  t h i s  case is  due t o  the  adsorption of t h e  X1 i on  on i t s  sur- 

face; a f i l m  i s  thus  formed which cons i s t s  of an adsorbed and possibly a chemical 

3 

phase compound of t i tanium with bromine o r  iodine.  
voltage of hydrogen, as a r e s u l t  of which t h e  corrosion rate of t i tanium de- 
creases.  

This f i l m  raises t h e  over- 
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Chemical S t a b i l i t y  of Titanium toward Chlorine, 
Bromine and Iodine 

The first mention of t h e  s t a b i l i t y  of t i tanium toward halogens da tes  back 
t o  1850, when Wohler wrote t h a t  meta l l ic  t i tanium burns e f f ec t ive ly  i n  gaseous 
chlor ine,  but does not r eac t  with it a t  room temperature (ref. 13) .  
w a s  obtained i n  the  form of a dark-gray powder by reducing potassium f l u o t i t a n a t e  
with meta l l ic  potassium. The chemical composition of chlor ine and t i tanium w a s  
w a s  not given. 

Titanium 

I n  1895, Moissan found t h a t  a material containing 95-97 percent  T i  and 2-4 
percent C r eac t s  with chlor ine a t  325O, thereby becoming incandescent, and r eac t s  
with bromine a t  360° and wi th  iodine a t  higher temperatures without any appre- 
c iab le  incandescence. This mater ia l  w a s  obtained by heating a mixture of t i t a n i c  
acid with carbon i n  an e l e c t r i c  furnace. This w a s  an amorphous substance which 
could be r ead i ly  crushed i n  an agate  mortar and had a spec i f i c  g rav i ty  of 4.87 
( r e f s .  1 4  and 17). 

From then on, t he  inco r rec t  view t h a t  t i tanium reac t s  with chlor ine,  bromine 
and iodine only a t  high temperatures (325' and higher)  has spread i n  t h e  l i t e r a -  
t u r e  and p reva i l s  u n t i l  today (refs. 16-26). However, there  a re  a l s o  ind ica t ions  
i n  the l i t e r a t u r e  t h a t  pulverized t i tanium i g n i t e s  i n  gaseous chlor ine and l i qu id  
bromine a t  room temperature, and i n  iodine on moderate heating (refs. 27 and 28). 

Recently, severa l  s tud ie s  have been published i n  which it i s  s t a t ed ,  among 
o the r  things,  t h a t  t i tanium reac t s  vigorously with chlor ine a t  room temperature 
and even a t  -180 (refs. 4, 6 and 29). 
t i o n  of t i tanium i n  gaseous chlor ine i s  given. 

However, no d i r e c t  proof of t h e  inflamma- 

Our experiments have shown t h a t  sheet  t i tanium VT1 i g n i t e s  i n  gaseous 
chlor ine (from a cyl inder  i n  which chlor ine contains no more than 0.03 percent  
of moisture) a t  room temperature i n  24 hrs;  i f  however, t he  gaseous chlor ine i s  
add i t iona l ly  dr ied by being passed through concentrated s u l f u r i c  acid,  t h e  igni-  
t i o n  of the metal takes  place i n  14  h r s .  
a l so  i g n i t e s  a t  room temperature i n  only 10 min, and i n  dry c r y s t a l l i n e  iodine,  
i n  15 min only a t  100'. 
even a t  60°, but a t  room temperature t i tanium did  not corrode f o r  500 hrs;  
longer tests were not car r ied  out ( t ab le  1). 

'I I n  r eac t ive  l i qu id  bromine, t i tanium 

A pronounced corrosion of t i tanium i n  iodine i s  observed 

It seemed of i n t e r e s t  a l so  t o  determine t h e  inf luence of water on t h e  
reac t ion  of t i tanium wi th  halogens. This can be done most conveniently with 
l i q u i d  bromine, p a r t i c u l a r l y  s ince  t h e l i t e r a t u r e  contains only general  in foma-  
t i o n  on t h e  s t a b i l i t y  of t i tanium toward w e t  bromine, these da t a  being qu i t e  
contradictory.  For example, one of t h e  sources a s s e r t s  t h a t  wet chlor ine and 
bromine do not a t tack  t i tanium (ref. 5 ) ,  while another s t a t e s  t h a t  l i qu id ,  d r y  
and moist bromine a t tacks  t i tanium very rap id ly  ( r e f .  4). We d id  not f i n d  any 
more spec i f i c  data .  

Our experiments showed ( t ab le  2) t h a t  t i tanium reac t s  vigorously not only 
wi th  dry l i q u i d  bromine but  a l s o  wi th  w e t  bromine. 
but even i n  the  presence of considerable amounts of water t i tanium undergoes 
a pronounced loca l ized  corrosion i n  the  bromine phase. 

Water r e t a rds  the  react ion,  



T-ABLE 1. EFFECT O F  TEMPEMTUFB ON THE CHEMIC= STABILITY OF TIT&!TIUM I N  IODINE. 

Temperature of 
experiment , OC 

20 

60 
80 

90 

100 
110 

___ .. 

Testing 
t i m e ,  h r  
~- _ _  

500 

40 
40 

40 

0.25 
0.25 

Average corrosion 
rate, m / y r  
. .  .. . ~ - -__  

0.00 

0.80 
4.50 

11.9 

7500 
7500 

_ _ _ -  

ex te rna l  appearance of specimen did 

p i t t i n g  corrosion 
loca l i zed  corrosion, s t rongly corroded 

loca l i zed  corrosion, s t rongly corroded 

in t ense  heating-up, specrmens ign i t ed  
in t ense  heating-up, specimens ign i t ed  

not change 

edges 

edges 

TABLE 2. 
ROOM TEMPERATURE 

EFFECT OF WATER ON THEl CHEMICAL STABILITY OF TITANIUM I N  .BROMINE AT 

Amount of water 
introduced i n t o  
bromine, w t  5 

0.05 

0.10 

0.5 

1.0 

5.0 

60.0 

Testing 
t i m e ,  h r  

0.40 

0.75 

1.0 

2.0 

1000 

500 

Average corrosion 
rate,  mm/yr 

>3000 

>1700 

>1200 

-700 

0.4 

-400 

-~ 

Remarks 

a f t e r  25 min, t h e  specimen ign i t ed  
wi th  a b r igh t  flame. After the  
specimen w a s  removed, deep p i t s  
(2.5 mm) were observed on i ts  
surface 

a f t e r  45 min, t he  so lu t ion  began 
t o  b o i l ,  t he  specimen brightened, 
then ign i t ed  with a b r i g h t  f l a m e .  
It burned f o r  3 min. Deep p i t s  
w e r e  formed on the surface of t h e  
sp e cimen 

t h e  specimen ign i t ed  a f t e r  1 hr .  
Deep p i t s  formed on i t s  surface 

t h e  specimen ign i t ed  a f te r  2 h r s .  
Deep p i t s  were formed on i t s  
su r f  ace 

specimen retained i t s  o r i g i n a l  
appearance, and a f t e r  1000 h r s ,  
deep p i t s  (up t o  2.5 mm) formed 
on some p a r t s  of t h e  surface 

af ter  200 h r s  of t e s t i n g ,  the  speci-  
men retalned i t s  o r i g i n a l  appear- 
ance, and a f te r  500 hrs ,  deep p i t s  
(up t o  3 mm) w e r e  formed on some 
p a r t s  of t he  surface,  and whole 
pieces  w e r e  eaten away 

a f t e r  200 hrs  of t e s t i n g ,  t h e  



Together with untouched sec t ions  of l u s t rous  surface,  deeply p i t t e d  areas 
were observed; whole p ieces  of t h e  specimen w e r e  corroded away, p a r t i c u l a r l y  a t  
t h e  edges ( f ig .  6).  The s t rong loca l ized  a t t ack  of t i t an ium can be explained by 
the  inhomogeneity of t h e  media ( t h e  s o l u b i l i t y  of w a t e r  i n  bromine i s  0.05 per- 
cent,  and t h a t  of bromine i n  water, 3 percent ) .  

I n  t h i s  connection, it should be noted t h a t  the  l i t e r a t u r e  gives  t h e  in-  
cor rec t  impression t h a t  t i tanium i s  not subjec t  t o  loca l ized  at tack.  

I n  aqueous so lu t ions  of bromine ( sa tura ted  so lu t ion)  t i tanium i s  s t a b l e  up 
t o  90' (no experiments were ca r r i ed  out  a t  higher  temperatures).  

The following q u a l i t a t i v e  explanation of the  high react iv- i ty  of t i t an ium 
toward halogens may be accepted. I n  order  f o r  t he  r eac t ion  t o  take  p lace  i n  t he  
form of combustion, t he  following conditions must be met ( r e f .  3 0 ) :  

1. The reac t ion  should be highly exothermic; 

2. The r eac t ion  should take  p lace  a t  a high r a t e ,  which i n  t u r n  depends on 
the  ac t iva t ion  energy of t he  molecules of t he  reac t ing  substances; 

3. The products of the  r eac t ion  should be p a r t l y  or completely gaseous; 

4. The reac t ion  should be se l f - sus ta in ing ,  which, s t r i c t l y  speaking, 
follows from the  f i rs t  condition, s ince  the  r eac t ion  r a t e  increases  with r i s i n g  
temperature. 

The hea ts  of formation of TiC14, T i B r 4  and T i 1  a r e  respec t ive ly  equal t o  4 
179.3, 155 and 102 kcal/mole (ref. 3l), i .e.,  t h e  reac t ions  of t i t an ium with 
chlor ine,  bromine and iodine are  s t rongly  exothermic. The melting poin ts  of. 
the  ha l ides  a re  respec t ive ly  -23, +39, +150°, and the  boi l ing  poin ts  a r e  136, 

Figure 6. 
bromine containing 60 percent  water a t  room 
temperature (specimen placed i n  bromine phase): 
a, cont ro l  specimen; b, specimen after t e s t i n g  
(500 hrs ) .  

Localized corrosion of t i t an ium i n  



230 and 3 p  (ref. 32) .  This means t h a t  t h e  corrosion products (TiX4, where X 

is  t h e  halogen) do not adhere w e l l  t o  t h e  m e t a l ,  run off the  surface,  o r  evapo- 
r a t e  when s u f f i c i e n t l y  heated by the heat  of reac t ion .  
um, which had already been heated, immediately e n t e r  i n t o  the  react ion.  
f i n a l l y  comes a moment when the  outflow of hea t  (loss t o  the  surrounding medium) 
becomes less than i t s  inflow caused by t h e  heat  of react ion,  and i g n i t i o n  takes  
place. 

Fresh por t ions  of t i t a n i -  
There 

The ac t iva t ion  energy of t he  reac t ions  of t i tanium with chlor ine and,bromine 
5s apparently of t he  order  of s eve ra l  u n i t s  (up t o  10 kcal/mole). 
those conditions can t h e  reac t ion  proceed r ap id ly  and i n  t h e  form of combustion 
a t  room temperature. 
iodine i s  considerably l&s (a few t en ths  of a kcal/mole), and for t h i s  reason 
ign i t ion  occurs only on heating t o  100'. 

Only under 

The Bct ivat ion energy of t h e  r eac t ion  of t i tanium with 

The reac t ion  of t i tanium wi th  halogens would proceed much f a s t e r  (par- 
t i c u l a r l y  i n  t h e  case of t he  reac t ion  with gaseous ch lor ine)  i f  it were not f o r  
the  tendency of t i tanium ( l i k e  t h a t  of aluminum) t o  pass iva te  quickly i n  the  
presence of moisture or air .  Indeed, as w a s  shown by e l ec t ron  d i f f r a c t i o n  
measurements (ref. 3 3 ) ,  when t i tanium i s  l e f t  standing i n  air, a f i l m  i s  formed 
ve ry  quickly which cons i s t s  of two layers :  
chemically bound t o  the  base metal, and a polymolecular l a y e r  of phys ica l ly  
adsorbed gas or a mixture of t h e  gas with water. This f i l m ,  f requent ly  i n v i s i -  
b l e  even t o  the  aided eye, i s  compact and has good adhesive propert ies .  Diffu- 
s ion  through such a f i l m  i s  slaw, and t h i s  explains  the  extremely low i n i t i a l  
rate of reac t ion  of t i tanium with gaseous chlor ine.  It should be noted t h a t  
broken-up p a r t i c l e s  of a white f i l m  of t i tanium dioxide were found a t  t h e  end 
of the  reac t ion  of t i tanium wi th  halogens. 

na tu ra l  f i l m  on t i tanium, does not r eac t  with halogens when exposed f o r  a sho r t  
t i m e  even t o  high temperatures. This i n  tu rn  means t h a t  t he  f i l m  on t i tanium 
formed i n  a i r  contains pores and t h a t  t he  reac t ion  of t i tanium with halogens 
proceeds through these pores.  

t h e  oxide l a y e r  as such, which i s  

Hence, TiOx, which makes up t h e  

I n  our case, t he  reac t ion  of t i tanium with l i q u i d  bromine proceeds much 
more quickly (10 min) than with gaseous chlor ine (14 and 24 h r s ) .  
t o  the f a c t  t h a t  a considerable p a r t  of t he  time i s  spent i n  removing the  a i r  
and moisture from the  reac t ion  vesse l  while t h e  chlor ine i s  passed; i n  addi t ion 
the  reac t ion  i s  made more d i f f i c u l t  by the  steady removal of heat by constant ly  
renewed por t ions  of gaseous chlorine.  

This i s  due 

Effec t  of Aromatic Nitro Compounds on the  Corrosion 
of Titanium by Hydrochloric Acid 

I n  references 34 and 35 it w a s  shown t h a t  aromatic n i t r o  compounds most 
of ten enhance the  corrosion of i ron,  copper, lead,  aluminum and t h e i r  a l loys  by  
e l ec t ro ly t e s .  An exception w a s  a-nitronaphthalene,  which i n  many cases did not 
a f f e c t  t he  corrosion process.  

196 



The authors account f o r  the  enhanced corrosion by an e f f e c t i v e  depolarizing 
influence of oxidizing n i t r o  compounds on the  cathodic process. 
l a t e r ,  a mechanism of t h i s  phenomenon w a s  proposed by I. V. Oknin (ref. 36), bu t  
it w a s  experimental and based on electrochemical measurements. 

A shor t  time 

N o  such d a t a  are avai lable  on t i tanium. 

Our experiments ( t a b l e  3) showed t h a t  up t o  60° almost a l l  of the  inves t i -  
gated aromatic n i t r o  compounds (10 itmes) markedly (100 t i m e s  or more) i n h i b i t .  
the  rate of corrosion of t i tanium by agitated hydrochloric acid i n  t h e  l i qu id ,  
i n  the  vapor, and a t  the  in te r face .  

It is  in t e re s t ing  t o  note t h a t  i n  the  presence of p-n i t roani l ine  (at  60'1, 
of two samples i n  the  l i q u i d  phase, one w a s  highly corroded (about 1.3 mm/yr), 
while t he  corrosion r a t e  of the o ther  sample d id  not exceed 0.13 m m / y r .  
explanation w a s  found f o r  t h i s  phenomenon. 

NO 

The above-described order ly  pa t t e rn  of t he  inh ib i t i ng  inf luence Of n i t r o  
compounds on the  corrosion of t i tanium i s  upset a t  80°. 
ac t ion  was observed only i n  the  presence of o-nitrotoluene, o-nitrophenol, 
m-dinitrobenzene and 1,2,4-dinitrochlorobenzene. I n  a l l  the remaining cases, 
the pro tec t ive  e f f e c t  w a s  i n su f f i c i en t  and. a s t i l l -unexplained s c a t t e r  of t h e  
da ta  w a s  observed (pronounced inh ib i t i on  of t h e  corrosion r a t e  i n  the  l i q u i d  
phase and considerable corrosion i n  the  vapor and a t  the in t e r f ace ) .  

A pronounced p ro tec t ive  

Experiments i n  s t a t iona ry  6 N HC1 showed t h a t  under these  conditions a t  
temperatures up t o  60°, nitrobenzene, 0- and m-dinitrobenzene and 1,2,4- 
dinitrochlorobenzene e f f ec t ive ly  i n h i b i t  the  corrosion of t i tanium. The r e -  
maining seven of the  eleven n i t r o  compounds considered e i t h e r  have.no.apprecia- 
b l e  e f f e c t  o n t h e  corrosion process or cause a s c a t t e r  of the  data.  

A t  80°, a l l  the  n i t r o  compounds s tudied have no appreciable e f f e c t  on the  
corrosion r a t e .  

The concentration of t he  n i t r o  compound i n  ag i ta ted  6 N HC1 has a sub- 
s t a n t i a l  inf luence on the  corrosion of t i tanium a t  60°, 

A decrease i n  the amount of t he  n i t r o  compound added from 0.5 t o  0.005 
percent  sharply decreases t h e  e f f e c t  of pro tec t ive  ac t ion .  

Summary 

1. Free halogens markedly i n h i b i t  t h e  corrosion of t i tanium by hydro- 
ch lor ic ,  hydrobromic and hydrfodic acid.  

2. Titanium i g n i t e s  a t  room temperature i n  dry  gaseous chlor ine (from a 
cyl inder)  i n  24 hrs ,  i n  l i q u i d  bromine i n  10  min, and t n  dry c r y s t a l l i n e  iodine 
a t  100' i n  15 min. Water i n h i b i t s  t he  reac t ion  of t i tanium with l i q u i d  bromine, 
but does not exclude a s t rong loca l ized  a t t ack  and even t h e  inflammation o f .  
t i tanium. The use of t i tanium equipment i s  inadmissible i n  cases where the  
separat ion of bromine as a separate  phase i s  possible .  



TABLE 3. EFFECT OF ARCMATIC NITRO COMPOUNDS (CONCENTRATION, 0.5 PERCENT) 

STIRRING RATE OF 300 RPM AND A TESTING TIME OF 10 HFS. 
ON TBE RATE OF TITANIUM CORROSION I N  20 PERCENT RYDROCRLORIC ACID A!l A 

-- - ______ ~~- - 

Titanium corrosion r a t e ,  m/yr 

i n  l i qu id  Add it i v e  
-- - 

4.94 
0.09 
0.20 
0.07 
0.07 
0.02 
0.07 
0.06 
0.07 
0.09 
0.09 
0.04 

. -~ 
-- 

nitrobenzene . . . . . . . . . 
o-ni t rotoulene . . . . . . . . 
p-ni t rotoulene . . . . . . . . 
o-nitrophenol . . . . . . . . 
p-nitrochlorobenzene . . . . . 
p-ni t roani l ine  . . . . . . . . 
o-dinitrobenzene . . . . . . . 
m-dinitrobenzene . . . . . . . 
1,2,4-dinitrochlorobenzene . . 
p i c r i c  acid.  . . . . . . . . . 
a-nitronaphthalene . . . . . . 

0.05 2.73--- 
0.02 0.01 
0.05 0.01 
0.02 0.01 
0.03 0.03 
0.05 0.03 
0.03 0.09 
0.03 0.01 
0.05 0.02 
0.01 0.03 
0.09 0.01 
0.01 0.09 

-- 
nitrobenzene . . . . . . . 
o-ni t rotoulene . . . . . . 
p-ni t rotoulene . . . . . . 
o-nitrophenol . . . . . . 
p-nitrochlorobenzene . . . 
p-ni t roani l ine  . . . . . . 
o-dinitrobenzene . . . . . 
m-dinitrobenzene . . . . . 
1,2,4-dinitrochlorobenzene 
p i c r i c  acid.  . . . . . . . 
a-nitronaphthalene . . . . 

. .  . .  . .  . .  . .  . .  . .  . .  . .  

. .  . .  
~ ~ -- 

nitrobenzene . . . . . . . 
o-ni t rotoulene . . . . . . 
p-nitrotoulene . . . . . . 
o-nitrophenol . . . . . . 
p-nitrochlombenzene . . . 
p-ni t roani l ine  . . . . . . 
o-dinitrobenzene . . . . . 
m-dinitrobenzene . . . . . 
1,2,4-dinitrochlorobenzene 
p i c r i c  acid.  . . . . . . . 
a-nitronaphthalene . . . . 

-. - _ _  ~- 

~ 

. .  . .  . .  . .  

. .  . .  . .  

. .  . .  . .  . .  

Temperature 60' 
12.68 
0.01 
0.01 
0.01 
0.07 
0.23 

1.34; 0.13 
0.05 
0.20 
0.12 
0.02 
0.19 

Temperature 80° 
60.92 
33 05 
0.92 
32.46 
1.01 
8.86 
1.80 

0.41; 0.01 
0.67 
0.55 
0.47 
52.54 

3.89 
0.01 
0.01 
0.01 

0.10 
0.04 
0.01 
0.10 

0.01 
0.01 

0.03 

0.03 

81.70 
0.21 
0.11 
5-49 
0.73 
0.06 
42.07 
78.28 
0.02 
0.01 
47.37 
26.32 

7.08 
0.03 
0.05 

0.07 

0.09 
0.19 
0.12 
0.13 
0.08 

0.01 
0.10 

6.45 

42.62 
0.17 
0.11 

2.63 
3.60 
38.18 

-- 

46.34 
0.46 
0.10 

42.60 
0.05 

TJote: 1. The column "in l iqu id"  gives  the  average values of  t he  corrosion 
rates of two specimens; both values were recorded i f  they d i f fe red  
sharply from each other .  
I n  a l l  cases, t h e  nature  of t h e  corrosion w a s  uniform. 2. 
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3. The retarding effect of aromatic nitro compounds on the corrosion of 
titanium by hydrochloric acid was established. 
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EFFECT OF SODIUM NITRITE ON THE CORROSION O F  TITANIUM BY 
HYDROCHLORIC AND SULFURIC ACID 

Yu. I. Sorokin and Kh. L. Tsey t l in  

The corrosion of t i tanium by hydrochloric and s u l f u r i c  acid i s  inh ib i t ed  
i n  t h e  presence of oxidizing agents and anodic p o l a r i z a t i o n  ( r e f s .  1-6). The 
presence of n i t r i c  acid i n  hydrochloric and s u l f u r i c  ac id  pas s iva t e s  t h e  
t i tanium considerably, as confirmed by the  s l i g h t  corrosion of t i tanium i n  cold 
aqua r e g i a  (refs. 7 and 8).  
observed i n  20 percent  hydrochloric acid a t  room temperature i n  the  presence of 
1.3 percent n i t r i c  acid ( ref .  9 ) .  Etching hydrochloric acid so lu t ions  contain- 
ing hydrofluorides become less  a c t i v e  toward t i tanium when they have accumulated 
a c e r t a i n  quan t i ty  of Ti+4 ions  (ref. 10). 
corrosion of t i tanium i n  acids,  l i t t l e  a t t e n t i o n  has been given t o  t h e  salts  of 
n i t rous  acid, which are w i d e l y  used i n  indus t ry  and have strong oxidizing 
p rope r t i e s .  
i n h i b i t s  t h e  d i s so lu t ion  of t i tanium by hydrochloric ac id  even a t  50' ( ref .  
11). For t h i s  reason, heat-exchange elements made of t i tanium should be used 
i n  the  processes of d i azo t i za t ion  of an i l i ne ,  methanilic acid and p-chloro-o- 
aminophenol, which take  p l ace  with t h e  p a r t i c i p a t i o n  of hydrochloric acid and 
sodium n i t r i t e  ( ref .  1 2 ) .  It appeared of i n t e r e s t  t o  study i n  somewhat g r e a t e r  
d e t a i l  t h e  influence of sodium n i t r i t e  on t h e  corrosion of t i tanium by hydro- 
ch lo r i c  and s u l f u r i c  ac id .  

A v i r t u a l l y  complete pass iva t ion  of t i tanium i s  

Among t h e  oxidants depressing the  

There i s  evidence t o  ind ica t e  t h a t  t h e  add i t ion  of sodium n i t r i t e  

Experimental Section 

Sheet titaniumVT1-lwas used i n  t h e  invest igat ion.  The experiments were 
ca r r i ed  ou t  i n  a six-compartment glycer in  thermostat, using the  technique de- 
scribed i n  reference 13. 
suspended on hooks of g l a s s  stirrers w e r e  t e s t e d  i n  three-neck g l a s s  f l a s k s .  
The samples were continuously ro t a t ed  a t  t h e  ra te  of 100 r p m .  
experiments were ca r r i ed  out 'without s t i r r i n g .  The corrosive media used were 
pure 20 percent hydrochloric and s u l f u r i c  acid i n  t h e  amount of 600 ml, t o  which 
sodium n i t r i t e  ( a n a l y t i c a l l y  pure) had been added. 
vided with reflux condensers t o  which a i r  had f ree  access.  There was 100 m l  

of acid f o r  every 10 cm2 of surface of t he  sample. Af te r  10, 50, 100 and 200 
h r s  of t e s t ing ,  t h e  samples were removed from the  corrosive medium, washed with 
water, dr ied and weighed. The corrosive l i q u i d  w a s  not renewed a f te r  each 
weighing. 
two parallel t i tanium samples. 

Polished specimens of t i tanium (50 x 10 x 3 mm) 

For comparison, 

The g l a s s  f l a s k s  were pro- 

I n  order  t o  p l o t  t he  curves, use w a s  made of t he  data of tes ts  of 

202 



The experiments showed t h a t  t i tanium has a s a t i s f a c t o r y  s t a b i l i t y  i n  20 
percent  hydrochloric and s u l f u r i c  acid a t  0 and 100 (a f te r  a 200-hr t es t ,  t h e  
corrosion ra te  did not  exceed 0.1 mm/yr). 
of n i t r i t e  has p r a c t i c a l l y  no e f f ec t  on the  corrosion rate of t i tanium. 
quiescent 20 percent hydrochloric acid a t  20°, t i tanium depassivates quickly and 
i s  attacked a t  the  ra te  of approximately 0.5 m/yr ( f i g .  1). With s t i r r i n g ,  the  
access of atmospheric oxygen t o  t h e  surface of t i tanium i s  accelerated,  a f f ec t ing  
t h e  decrease i n  t h e  corrosion rate during t h e  i n i t i a l  period of t h e  tes t .  When 
the  acid has acted for a long t i m e ,  t h e  d i s so lu t ion  rates of t i tanium i n  sta- 
t i ona ry  and ag i t a t ed  media become similar. The addi t ion of 0.001 percent  N d 0 2  

decreases t h e  corrosion rate of t i tanium i n  quiescent and a g i t a t e d  hydrochloric 
acid t o  0.02 m/yr only i n  t h e  course of t h e  100-hr t e s t i n g  period. 
t i o n  of 0.01 percent NaNO 

course of t he  e n t i r e  t e s t i n g  period. 

Under these conditions,  t h e  addi t ion 
I n  

The addi- 
provides f o r  a high s t a b i l i t y  of t i tanium i n  the  2 

A r ise  i n  temperature t o  60° sharply increases  the  corrosion r a t e  of 
t i tanium i n  20 percent  hydrochloric acid (up t o  300 mm/yr), and s t i r r i n g  a t  t h i s  
temperature has v i r t u a l l y  no e f f ec t  ( f i g .  2) .  The addi t ion of n i t r i t e  r e t a r d s  
the  d i s so lu t ion  of t i tanium a t  60° as w e l l ,  but  i n  t h i s  case the  concentration 
of t h e  oxidant must be r a i sed  t o  0 .1  percent i n  order  t o  decrease t h e  corrosion 
ra te  t o  0.1 mm/yr. 

I n  t h e  presence of 0.01 percent  NaN02, a marked i n h i b i t i o n  of t he  react ion 

i s  observed f o r  only about 10 h r s .  

A t  looo, t he  ra te  of corrosion of t i tanium by hydrochloric acid increases  
t o  200 mm/yr ( f i g .  3) and a g i t a t i o n  also has v i r t u a l l y  no e f f e c t  on t h e  react ion 
rate. 
mm/yr) i s  observed a t  an i n i t i a l  n i t r i t e  concentration of 1 percent .  

A considerable decrease i n  t h e  corrosion rate of t i tanium ( t o  0.6-2.0 

I n  unagitated 20 percent hydrochloric acid a t  20°, t i tanium has a negative 
electrode p o t e n t i a l  (about -0.4 V)  which undergoes l i t t l e  change wi th  t i m e  
( f i g .  4 ) .  

passive region (above +0.4 V )  but only during t h e  i n i t i a l  period of t h e  t e s t i n g  
(about 20 h r s ) .  A s  t he  durat ion of t h e  t e s t i n g  increases ,  t h i s  concentration 
becomes i n s u f f i c i e n t  t o  preserve t h e  s table  passive state of t i tanium charac- 
t e r i z e d  by the region of p o s i t i v e  p o t e n t i a l  values of +0.4 V and higher ( r e f .  
6 ) .  I n  the  presence of 0.01 percentNaN02,the p o s i t i v e  p o t e n t i a l  (about +0.7 

V)  i s  preserved during the  e n t i r e  t e s t i n g  period. 
t i a l  of t i tanium s h i f t s  i n t o  the  passive region i f  t h e  i n i t i a l  n i t r i t e  concen- 
t r a t i o n  i s  0.1 percent or higher.  

preservat ion of t h e  p o s i t i v e  p o t e n t i a l  i n  t he  course of the  e n t i r e  per iod of 
t e s t i n g ,  but  i n  t h i s  case t h e r e  i s  observed an appreciable tendency of activa- 
t i o n  of t he  t i tanium surface wi th  t i m e .  

The addi t ion of 0.001 percent  NaN02 s h i f t s  t he  p o t e n t i a l  i n t o  t h e  

A t  60°, t h e  e l ec t rode  poten- 

The addi t ion of 1 percentNaN02ensures the  
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7u so 1.0 ZCN 

Testing t i m e ,  h r  

Figure 1. 
i n  20 percent hydrochloric acid a t  20 percent:  1, 20 percent  HC1 
without s t i r r i n g ;  2, 20 percent H C 1 - F  0.001 percent  "02 without 
stirring; 3, 20 percent  HC1 + 0.01 percent  "02 without s t i r r i n g ;  
4, 20 percent HC1 with s t i r r i n g ;  5 ,  20 percent  H C 1  + 0.001 percent  
NaN02 with s t i r r i n g ;  6, 20 percent HC1 + 0.01 percent  NaN02with 
s t i r r i n g  . 

Effec t  of sodium n i t r i t e  on t h e  corrosion of t i tanium 

-.- v f0 50 IO0 zol? 
Testing t i m e ,  h r  

Figure 2. 
by 20 percent hydrochloric acid a t  600: 
out  s t i r r i n g ;  2, 20 percent HC1 + 0.01 percent  NaN02 without 
s t i r r i n g ;  3, 20 percent  HC1 + 0.1 percent  NaN02 without s t i r r i n g ;  
4, 20 percent HC1 with s t i r r i n g ;  5 ,  20 percent  HC1 + 0.01 percent  
NaN02 with s t i r r i n g ;  6, 20 percent  HC1 + 0.1 percent  NaN02 with 
s t i r r i n g .  

E f fec t  of sodium n i t r i t e  on the  corrosion of t i tanium 
1, 20 percent  HC1 with- 
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50 ZOO 
Testing time, h r  

Figure 3. Effect  of sodium n i t r i t e  on the  corrosion of t i t an ium 
by 20 percent  hydrochloric acid a t  looo: 1, 20 percent  HClwithout 
s t i r r i n g ;  2, 20 percent  HC1 + 0.1 percent  NaN02 without s t i r r i n g ;  
3, 20 percent  HC1 + 1.0  percent  NaN02 without s t i r r i n g ;  4, 20 per-  
cent  HC1 wi th  s t i r r i n g ;  5, 20 percent  HC1 + 0.1 percent  NaN02 w i th  
s t i r r i n g ;  6, 20 percent  HC1 + 1.0 percent  NaJY02 with s t i r r i n g .  

ZQ 40 GR EO 7017 
Test ing time, h r  

Figure 4. 
t i tanium i n  20 percent  hydrochloric acid: 1, 20 percent  HC1, a t  
20°; 2, 20 percent  HC1 + 0.001 percent  NaN02 a t  20°; 3, 20 percent  
HC1 + 0.01 percent  NaN02, a t  20°; 4, 20 percent.  HC1, a t  60°; 5, 20 
percent HC1 + 0.01 percent  NaN02, a t  600; 6, 20 percent  HC1 + 0.1 
percent NaN02, a t  60°; 7, 20 percent  HC1 + 1.0 percent  NaN02 a t  600. 

Effec t  of sodium n i t r i t e  on the  e lec t rode  p o t e n t i a l  of  

A s  i n  hydrochloric acid,  i n  quiescent 20 percent  s u l f u r i c  acid at 20°, ti- 
Agita- tanium quickly depassivates  and corrodes a t  t h e  rate of about 0.6 mm/yr. 

t i o n  decreases the  corrosion r a t e  of t i t an ium only during the  i n i t i a l  t e s t i n g  
period. I n  prolonged t e s t i n g ,  the  d i s so lu t ion  rates of t i t an ium i n  quiescent  
and ag i t a t ed  s u l f u r i c  acid become s i m i l a r ,  as w a s  t he  case i n  hydrochloric acid.  
The addi t ion  of 0.001 percent  NaNO i s  s u f f i c i e n t  f o r  t he  pass iva t ion  of  t i t a -  
nium i n  quiescent  and ag i t a t ed  sul?uric  acid during the  e n t i r e  t e s t i n g  per iod.  



.. . . 

A rise i n  temperature from 60 t o  looo sharply increases  t h e  corrosion rate 
of t i tanium i n  20 percent  S u l f u r i c  ac id ,  and s t i r r i n g  has p r a c t i c a l l y  no e f f e c t  
on t h i s  rate i n  s u l f u r i c  ac id  of such concentration ( f i g s .  5 and 6).  
n i t r i t e  has b a s i c a l l y  t h e  same e f f e c t  on t he  i n h i b i t i o n  of t h e  r eac t ion  as hydro- 
ch lo r i c  ac id .  

rate of t i tanium by 20 percent  s u l f u r i c  acid t o  0.1 mm/yr and i s  i n s u f f i c i e n t  
f o r  a s i g n i f i c a n t  and l a s t i n g  decrease f n  t h e  corrosion rate a t  looo. 
decrease i n  the  corrosion ra te  a t  100' ( t o  0.6-0.8 m m / y r )  is  observed i n  20 
percent s u l f u r i c  ac id  only i n  the  presence of 1 percent  NaNO 

Sodium 

The add i t ion  of 0 .1  percent  NaN02 a t  60° decreases t h e  corrosion 

A sharp 

2' 

I n  20 percent  s u l f u r i c  acid a t  20 and 60°, sodium n i t r i t e  s h i f t s  t h e  e lec-  
t rode p o t e n t i a l s  of t i tanium t o  t h e  p o s i t i v e  s i d e  i n  e s s e n t i a l l y  t h e  same way 
as i n  hydrochloric acid.  

Sodium n i t r i t e  quickly decomposes i n  i t s  r eac t ion  with acids  t o  form 
nikrogen oxides: 

Nitrous acid can e x i s t  only i n  d i l u t e  aqueous so lu t ions  a t  low temperature. 
A t  room temperature, n i t r o u s  acid quickly oxidizes:  

It may be assumed t h a t  n i t r i c  acid, being t h e  end product of t he  react ion 
of n i t r i t e  with ac ids ,  can be t h e  main oxidant which passivates  titanium. 

A comparison of t h e  d a t a  which w e  obtained (see t ab le )  shows t h a t  t he  
addi t ion of low concentrations of n i t r i t e  pas s iva t e s  t i tanium i n  hydrochloric 
and s u l f u r i c  acid more e f f e c t i v e l y  than t h e  addi t ion of equivalent q u a n t i t i e s  
of n i t r i c  ac id .  Apparently, t he  chief reason f o r  t h e  g r e a t e r  passivat ing 
e f f e c t  of n i t r i t e  i n  t h i s  case i s  the  formation of nitrogen oxide upon t h e  
decomposition of t he  s a l t .  It should be noted t h a t  t h e  addi t ion of 0.02 per- 
cent NaNO a l s o  p r o t e c t s  chromium-nickel-molybdenum s t ee l  against  corrosion i n  

28 percent s u l f u r i c  acid a t  70° ( ref .  16) .  
2 

There i s  no fundamental difference between the  chemical passivat ion of a 
metal i n  so lu t ions  of oxidants and i t s  anodic pas s iva t ion  (ref.  17). I n  both 
cases,  i n  order  t o  convert t h e  metal i n t o  the  passive s ta te ,  it i s  necessary t o  
reach a c e r t a i n  e lectrode p o t e n t i a l  above which ( i n  t h e  p o s i t i v e  d i r ec t ion )  t h e  
d i s so lu t ion  rate of the  metal i s  determined only by t h e  value of t h e  p o t e n t i a l  
and i s  independent of t h e  manner i n  which t h e  p o t e n t i a l  i s  maintained, whether 
by an ex te rna l  current  o r  by the  addi t ion of oxidants t o  the  so lu t ion .  
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Test ing t i m e ,  h r  
Figure 5 .  Effec t  of sodium n i t r i t e  on t h e  corrosion of t i t an ium 
by 20 percent  s u l f u r i c  acid a t  600: 1, 20 percent  H2S04, without 
s t i r r i n g ;  2, 20 percent  H2SO4 + 0.01 percent  NaN02, without stir- 
r ing ;  3, 20 percent  H g O 4  + 0 . 1  percent NaN02, without s t i r r i n g ;  
4, 20 percent  H2SO4, with s t i r r i n g ;  5 ,  20 percent H2SO4 + 0.01 
percent  NaNO2, wi th  s t i r r i n g ;  6, 20 percent  H s 0 4  + 0.1  percent  
N a N 0 2 ,  wi th  s t i r r i n g .  

I 

Test ing time, h r  

Figure 6. E f fec t  of sodium n i t r i t e  on the  corrosion of t i t an ium 
by 20 percent  s u l f u r i c  acid a t  1000: 
s t i r r i n g ;  2, 20 percent  H2SO4 + 0.1  percent NaN02, without stir- 
r ing;  3, 20 percent  H2SO4 + 1 percent  NaN02, without s t i r r i n g ;  
4, 20 percent  H2SO4, wi th  s t i r r i n g ;  5 ,  20 percent  H2SO4 + 0.1 per-  
cent  NaN02, wi th  s t i r r i n g ;  6, 20 percent  H2SO4 + 1 percent  NaN02, 
with s t i r r i n g .  

1, 20 percent  H2SO4, without 

Our experiments showed t h a t  addi t ions of sodium n i t r i t e  pass iva te  t i t an ium 
i n  20 percent hydrochloric and s u l f u r i c  acid a t  20 and 600, and markedly de- 
crease the  corrosion a t  iOOo. 
toward the  pos i t i ve  s ide  i n  the  presence of n i t r i t e  was associated wi th  a chem- 
i c a l  pass iva t ion  of t he  metal. 

The s h i f t  of t he  e lec t rode  p o t e n t i a l s  of t i t an ium 

Oxidants maintain the  p o s i t i v e  value of the  e lec t rode  p o t e n t i a l  of t i t an ium 
i n  20 percent  hydrochloric acid i f  they a re  adsorbed and subsequently chemisorbed; 
they harden and preserve the  p ro tec t ive  surface f i l m  ( r e f .  18). 



EFFECT OF NATURE OF OXIDANT ON THE CORROSION RATE AND ELECTRODE POTENTIAL OF 
TITANIUM I N  FKDROCHGORIC AND SULFURIC ACID FOR A TESTING TIME OF 100 HRS. 

20 percent  HC1 20 percent  H2SO4 
P o t e n t i a l  Corrosion 

rate, mm/yr 

P o t e n t i a l  
( r e l a t i v e  t o  ( r e l a t i v e  t o  

Temperature 20° 

0.55 
0.02 

0.14 
0.66 

I -- -- -0.4 
+0.7 

+0.6 
-0.3 

NaN02 

m03 
HNo3 

I 

0.01 
0.01 
0.1 

-- 
NaNO2 

HNO HN03 
3 

20.15 
0.12 

18.60 
0.20 

-- 
0.1 
0.1 
1 

-0.5 
+0.3 

+0.7 
-0.2 

0.68 
0.02 
0.80 
0.40 

-0.4 
+0.4 
-0.3 
-0.3 

15.90 
0.10 

20.94 
0.10 

I -0.4 
+0.1 
-0.4 
+0.5 

We showed t h a t ,  l i k e  o ther  oxidants ( r e f s .  1 and 9), sodium n i t r i t e  
pass iva tes  t i tanium i n  ac ids  for only a c e r t a i n  period of time which depends on 
the  concentration of t h e  oxidant and temperature of t h e  experiment. During 
t h i s  period of time, the  concentration of n i t r i t e  becomes s u f f i c i e n t  t o  harden 
and preserve the  p ro tec t ive  surface f i l m  on t i tanium. I n  our  experiments, f o l -  
lowing exposure t o  ac ids  containing sodium n i t r i t e  i n  a quant i ty  s u f f i c i e n t  f o r  
passivat ion,  the  sur face  of the  t i tanium samples w a s  gold i n  color ,  which l e d  
t o  the  assumption t h a t  a l a y e r  of t i tanium dioxide was formed (ref.  2 ) .  

A comparison of t he  corrosion values which we obtained i n  20 percent  
so lu t ions  of hydrochloric and s u l f u r i c  acid a t  20 and 100' with the  d i s so lu t ion  
r a t e s  calculated from the  cur ren t  d e n s i t i e s  of t he  p o t e n t i o s t a t i c  curves ( r e f s .  
6 and 18) showed t h a t  t he  e f fec t iveness  of t he  chemical pass iva t ion  of t i tanium 
i n  the  presence of sodium n i t r i t e  may be e s s e n t i a l l y  of  t he  same order  as i n  
the  anodic pass iva t ion  without an oxidant.  

It should be noted only t h a t  our experiments were conducted on one-piece 
unstressed t i tanium samples. It i s  poss ib le  t h a t  i n  the  s t r e s s  condi t ion,  the  
massive metal, t he  weld and the  heat-affected zone behave d i f f e r e n t l y  under 
conditions of chemical and anodic pass iva t ion .  The process of corrosion of t he  
metal under conditions of chemical and anodic pass iva t ion  may a l s o  have a d i f -  
f e r e n t  course i n  narrow gaps, where, p a r t i c u l a r l y  i n  the  presence of a small 
concentration of oxidant,  various f a c t o r s  a r e  operat ive which regula te  the 
access of the  reagent t o  the  surface of the  metal and the  removal of the  cor- 
rosion products ( r e f .  19 ) .  

Our experiments have shown t h a t  electrochemical measurements make it possi-  
b l e  t o  e s t a b l i s h  the  d i r e c t i o n  of the  corrosion process ( e i t h e r  toward ac t iva-  
t i o n  o r  pass iva t ion)  i n  a sho r t e r  t i m e  than when the  gravimetr ic  method is used. 

208 



Summary 

1. TitaniumVTl-ldisplays a s a t i s f a c t o r y  s t a b i l i t y  i n  20 percent  hydro- 
ch lor ic  and s u l f u r i c  acid a t  temperatures up t o  loo and corrodes subs t an t i a l ly  
a t  temperatures above 20°. 

2. Additions of c e r t a i n  sodium n i t r i t e  concentrat ions t o  hydrochloric and 
s u l f u r i c  acid impart a pos i t i ve  electrode p o t e n t i a l  s u f f i c i e n t  f o r  chemical pas- 
s iva t ion  t o  the  surface of t i tanium. 

3. Sodium n i t r i t e  markedly decreases t h e  corrosion of t i tanium by acids  
only under c e r t a i n  t e s t i n g  conditions.  
s t a b i l i t y  of t i tanium i n  20 percent  hydrochloric and s u l f u r i c  acid,  it i s  
necessary t o  add 0.01 percent  NaN02 a t  200 and 0.1 percent  NaN02 a t  600. 

pronounced inh ib i t i on  of t i tanium corrosion i n  t h e  presence of n i t r i t e  w a s  a l s o  
observed a t  looo, but the  weight l o s s  of t h e  m e t a l  a t  t h i s  temperature w a s  
nevertheless considerable.  

I n  order  t o  provide f o r  a s a t i s f a c t o r y  

A 

4. Equipment with working surfaces made of t i tanium VT1-1 can be used a t  
temperatures up t o  60° under conditions involving the  use of hydrochloFic and 
s u l f u r i c  acid containing the  optimum n i t r i t e  concentration. 
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STUDY O F  TRE USE O F  TITANIUM ALLOYS I N  Tm CONSTRUCTION OF FOOD MACHINES 

F. N. Tavadze and T. A. Lashkhi 

The purpose of the  p re sen t  work w a s  t o  continue (ref. 1) t h e  inves t iga t ion  
and t o  e s t a b l i s h  the  p o s s i b i l i t y  of t h e  app l i ca t ion  of t i tanium a l l o y s  of t h e  
ATn series t o  t h e  construct ion of food machinery. 

Since t h i s  branch of t he  indus t ry  requires  a l a r g e  number of scarce nickel-  
s t a i n l e s s  steels, nonferrous metals and a l loys ,  t h e  search f o r  t h e i r  s u b s t i t u t e s  
has assumed g r e a t  importance i n  t h e  na t iona l  economy. 

Titanium a l loys  are new s t r u c t u r a l  mater ia ls  which, because of numerous 
valuable p rope r t i e s  (high s t r eng th ,  low densi ty ,  corrosion r e s i s t ance  i n  various 
media, e t c . )  can be success fu l ly  used i n  various branches of industry.  
the  high cos t  of t i tanium a l loys ,  t h e i r  use i s  growing every year i n  various 
branches of t he  na t iona l  economy. 

Despite 

Another advantage of t i tanium a l loys  over s teels  i s  the  length of t h e  l i f e  
of t he  equipment because of Its high r e s i s t ance  t o  corrosion and w e a r .  

Ekperiments ca r r i ed  out e a r l i e r  ( r e f .  1) showed a high corrosion r e s i s t ance  
of t he  t i tanium a l l o y s  ATn i n  a number of technological  and food media. Be- 
cause weld j o i n t s  are usua l ly  employed i n  t h e  manufacture of apparatus and equip- 
ment, the  experiments w e r e  ca r r i ed  out on w e l d  j o i n t s  of a l l o y s  AT3 and AT8. The 
specimens t o  be t e s t e d ,  welded by argon a r c  welding, were obtained from t h e  welding 
laboratory of t he  A. A. Baykov I n s t i t u t e  of Metallurgy. 

The tes ts  were conducted i n  a series of organic acids  and technological  
solut ions K l  and V1 corresponding t o  aggressive media employed i n  t h e  canning 
and wine-making indus t ry  ( t a b l e  l), both a t  room temperature and b o i l i n g  t e m -  
perature ,  and also i n  n a t u r a l  cherry plum j u i c e ,  t he  most aggressive food medium 
( t o t a l  a c i d i t y  2 percent ,  pH = 2.8). 

I n  addi t ion t o  t i tanium a l loys ,  s t a i n l e s s  s t ee l  1 ~ h 1 8 ~ 9 ~  and some experi-  
mental chromium-maganese steels were t e s t e d  a t  t h e  same t i m e .  

The technique of t h e  corrosion and electrochemical tests consisted i n  
studying t h e  samples and t h e  r eac t ion  medium: the  weight loss and the  quan t i ty  
of hydrogen evolved during the  corrosion of t h e  a l loys  were determined; t h e  
values of t h e  e l ec t rode  p o t e n t i a l s  w e r e  measured; p o l a r i z a t i o n  curves w e r e  
p lo t t ed ;  t he  r eac t ion  medium w a s  analyzed chemically after the  tes t ,  and t h e  
p H  w a s  determined a f t e r  t h e  corrosion tests of t h e  samples. The a l l o y  samples 
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TABLE 1. c m a a  COMPOSITION OF TECHNOLOGICAL SOLUTIONS KI AND v i .  

2 2 0.5 - - 2  - 
3 1 0.5 0.3 0.5 1.5 12 

3: 
-P 

rf .d a 5  e .d 
0 0  
H a  

2.71 
1.22 

were observed v i s u a l l y  and were subjected t o  metallographic ana lys i s  before and 
a f t e r  t h e i r  corrosion tes ts .  

The r e s u l t s  of 3000-hr corrosion t e s t s  of t h e  weld j o i n t s  of a l l o y s  AT3 and 
 AT^ i n  various organic acids  a r e  shown i n  t a b l e  2. From t h i s  t a b l e  it i s  ev i -  
dent t h a t  on the  corrosion r e s i s t ance  sca l e ,  t he  a l l o y s  are i n  t h e  region of 
corrosion r e s i s t a n t  values (rS < 0.13 mm/yr) i n  t h e  case of o x a l i c  and t a r t a r i c  
ac id .  I n  o l e i c ,  t a r t a r i c ,  a c e t i c  and l a c t i c  acid the  corrosion of t he  a l loys  i s  
equal t o  zero. 

The r e s u l t s  of corrosion tes ts  of welded t i t an ium samples i n  technological 
so lu t ions  K l  and V1 ( t a b l e  3) and the  k i n e t i c  curves of t h e  corrosion process 
( f i g .  1) show t h a t  t he  samples i n  t h e  technological so lu t ion  K1 are subjected 
t o  a r e l a t i v e l y  high corrosion. 
during t h e  i n i t i a l  period of t he  t e s t .  

This d i f f e rence  i s  p a r t i c u l a r l y  not iceable  

The electrode p o t e n t i a l s  of t he  invest igated t i t an ium a l l o y s  AT8 gradual ly  
s h i f t  toward t h e  p o s i t i v e  region ( f i g .  2 ) ,  which i s  i n  agreement with t h e  r e s u l t s  
of t h e  corrosion tests. 

I n  order  t o  e s t a b l i s h  the  inf luence of atmospheric oxygen on the  hardening 

I n  the  s t i r r e d  solut ion,  t he  value 
of t h e  p ro tec t ive  f i l m ,  t he  e lectrode p o t e n t i a l s  of t h e  a l loys  were measured 
both i n  the  s t i r r e d  and uns t i r r ed  so lu t ion .  
of t h e  p o t e n t i a l  i s  located i n  a more p o s i t i v e  region ( f ig .  2, curve 2 ) .  This 
i nd ica t e s  an increase i n  t h e  p ro tec t ive  p rope r t i e s  of t h e  surface f i l m  of 
a l l o y  AT8. 

The presence of a p ro tec t ive  f i l m  on t i tanium a l l o y s  i s  a l s o  indicated by 
the values and course of t h e  po la r i za t ion  curves obtained f o r  a l l o y  AT3 i n  the  
technological so lu t ion  K l  ( f i g .  3).  An ana lys i s  of t h e  curves shows t h a t  an 
appreciable i n h i b i t i o n  of  anodic r eac t ions  takes  p l ace  i n  t h i s  case (anodic 
p a s s i v i t y ) ,  which reaffirms what w a s  s t a t e d  above. 

As  expected, the  experiments carr ied ou t  on the  welds of a l l o y s  m3 and AT8 
showed t h a t  i n  t h i s  case hydrogen i s  evolved i n  i n s i g n i f i c a n t  amounts. 

Ti 
0.81 
1.80 

A chemical ana lys i s  of the  media i s  shown i n  t a b l e  4. 
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TABLE 2. RESULTS OF CORROSION TESTS I N  VARlOUS ORGANIC ACIDS 
(FOR A CORROSION RFSISTANCE INDEX OF 1). 

AT3 
AT8 
AT8 

oxal ic  acid 
oxal ic  acid 
ace t i c  acid 

V i  
V i  

K l  
K l  
K1 

v i  

- 

AT8 
AT8 

AT8 
AT8 
AT8 

 AT^ 

not 
observed 

12.40 
-- 

~~ . 

not 
observed 

-- 
-- 

Penet rab i l i ty  of 
corrosion, mm/yr Medium I Corrosion, g/m2 h r  

.- 

0.0061 
0.0091 
0.0075 

0.0115 
0.0172 
0.0142 

TABLE 3. EiESULTS OF CORROSION TESTS OF WELDED PARAILEL SPECIMENS O F  
TITANIUM ALLOYS AT3 AND AT8 (FOR A RESISTANCE INDEX OF 1). 

?e net  rab i 1- 
i t y  of cor- 

rosion, 
"/Yr 

o 00019 
o 00076 
o 00019 
o 00015 
o 00019 
o 00038 

- 

'ene t rab il- 
l ty  of cor- 

ros ion, 
"/Yr 

0 00057 
o 00076 
o 00017 

o 00038 
o 00038 

0 00057 

Corrosion 
g/m2,  hr 

0.0001 
0.0004 
0.0001 
0.0008 
0.0001 
0.0002 

-. 

Corrosion 
s/mm2, h r  

0.0003 
0.0004 
0.ooog 
0.0003 
0.0002 
0.0002 

Solu- 
t i o n  Alloy 3olu- 

t ion  

- -  I 
v1 
v1 
V1 
En 
K l  
K1 

TABLE 4. RESULTS OF CHEMIC& ANALYSIS OF TEE m C T I O N  MFDIA. 

Content of element, m g / ~  
A l l 0  y Medium 

Fe 

45.0 

93.80 
893.4 

. -  

AT3 and AT8 solut ion of V 1  

AT3 and  AT^ 
Chromium-mang anes E 

solut ion of K l  
solut ion of Ki 

The data of t ab le  4 ind ica te  t h a t  t i tanium ions do not pass i n t o  solut ion,  
and t h a t  the  so lu t ion  i s  enriched only with aluminum and i ron  ions.  A s  should 
have been expected, i n  the technological solut ion K l  i n  which t h e  samples under- 
went an intensive corrosion, the  quant i ty  of i ron  and aluminum ions which had 
passed i n t o  solut ion w a s  g rea t e r  than i n  the  technolcgical solut ion V I .  I n  
solut ion K l ,  the  corrosion of the  chromium-manganese a l loy  i s  several  t t m e s  
g rea t e r  than t h a t  of a l loys  M3 and M8. 
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Figure 1. Corrosion r e s i s t ance  of welded specimens 
of a l l o y s  AT3 and AT8: 
AT3 i n  so lu t ion  V1; 3, AT8 i n  so lu t ion  V1; 4, AT8 i n  
so lu t ion  Kl. 

1, AT3 i n  s o l u t i o n  K l ;  2, 

V, v o l t s  Min H r  Log 7 

ff 

-47 

- 42 

- 03 

- 04 

Figure 2. Change i n  the  electrode p o t e n t i a l  of a l l o y  
AT8 i n  so lu t ion  Kl: 1, without s t i r r i n g  of t h e  solu- 
t i on ;  2, wi th  s t i r r i n g  of the  so lu t ion .  

The r e s u l t s  of tes ts  i n  n a t u r a l  cherry plum j u i c e  are shown i n  t a b l e  5.  

The t e s t ed  a l loys  were found t o  be highly s t a b l e  i n  cherry plum ju i ce .  
P a r t i c u l a r  mention should be made of samples of a l l o y  AT8 alloyed with a l a r g e  
quan t i ty  of aluminum. A study of t he  corrosion r e s i s t a n c e  of specimens of 
welds of a l loys  AT3 and AT8 w a s  ca r r i ed  out  a t  t h e  bo i l ing  po in t  i n  t h e  tech- 
nological  so lu t ion  Kl i n  order  t o  determine t h e  p o s s i b i l i t y  of t h e i r  use i n  
the  canning industry.  The corrosion of t h e  samples w a s  studied while t h e  a l loys  
were immersed i n  the  so lu t ion  as w e l l  as i n  t h e  vapor. 

The r e s u l t s  of t h e  tes ts  ( t a b l e  6) showed t h a t  t h e  t e s t e d  a l loys  were not 
s t a b l e  under these conditions (high weight l o s s ) .  
t he  samples w a s  performed before and after t h e i r  t e s t i n g .  

A metallographic ana lys i s  of 

As can be seen from tlie photomicrographs of t h e  polished sect ions before 
t h e  t e s t i n g  ( f i g .  b ) ,  t h e  weld-metal zone i s  characterized by a coarse-grained 
s t ruc tu re ,  the  zone before the  weld has a less coarse-grained s t r u c t u r e ,  and 
the  end of t he  zone has a fine-grained s t ruc tu re .  
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Figure 3. Polarization curves 
for alloys AT3 in solution K1. 

Figure 4. Microstructure of welded joint of alloy AT3, x 150: a, seam; 
b, beginning of heat-affected zone; c y  end of heat-affected zone. 
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TABLE 5 .  RESULTS OF CORROSION TESTS OF PARALLEL SPECIMENS OF TITANIUM 
AKLOYS I N  NATURAL CRERRY PLUM JUICE. 

Specimen 
number 

I 1 

Pene t r ab i l i t y  
of corrosion , Corrosion, 

g/m2 h r  
"/Yr 

Specimen 
number 

I 

Pene t r ab i l i t y  
of corrosion, Corrosion, 

g/m2 h r  
"/Yr 

1 
2 
3 
4 

0.00002 
0.00004 
0.00004 
0.00013 

o.00003 
o.00007 
0.00007 
0.00024 

0.0007 
0.0007 
0.0015 
0.009 

1 
2 
3 
4 

0.0013 
0.0013 
0.0029 
0. o n 7  

0.566 
0.562 
0.898 
0.045 

TABLE 6. RESULTS OF CORROSION TESTS OF WELDED SPECIMENS OF TITANIUM ALLOYS 
AT TEE BOILING POINT I N  SOLUTION K1. 

unstable  
unstable  
unstable  
s t a b l e  

I 

AT3 
AT3 

AT8 
AT8 

Corrosion, I g/m2 h r  

0.514 
0.511 

0.041 
0.817 

Remarks 
- 

specimens immersed i n  so lu t ion  
specimens i n  vapor of so lu t ion  
specimens immersed i n  so lu t ion  
specimens i n  vapor of so lu t ion  

On the  
the  boi l ing  
c r y s t a l l i n e  

a f t e r  t e s t i n g  f o r  250 h r s  a t  photomicrograph of a l l o y  AT3, taken 
po in t  wi th  complete immersion of t h e  samples ( f i g .  5),  an i n t e r -  
character  of the  corrosive a t t ack  i s  observed i n  the  weld-metal 

zone. Areas of in tense  corrosion a re  located along the  g ra in  boundaries ( f i g .  
5a). 
more fine-grained, had t h e  appearance of an "erosion g r id ,  and an i n t e r c r y s t a l -  
l i n e  f a i l u r e  of the  a l l o y  w a s  observed ( f i g .  5b).  A t  t he  end of the 'neat- 
a f fec ted  zone (zone immediately adjoining the  base metal), l e s s  i n t e r c r y s t a l l i n e  
a t t ack  w a s  observed ( f i g .  5c) .  Resul ts  of t e s t i n g  of t he  same samples i n  the  
vapor of the  so lu t ion  showed t h a t  t h e i r  corrosive a t t ack  takes  place t o  a 
lesser extent  than i n  t h e  so lu t ion .  

A t  the  o r i g i n  of t he  heat-affected zone, t he  s t r u c t u r e  of t he  a l l o y  w a s  

Under the condi t ions inves t iga ted ,  a l l o y  AT8 w a s  found t o  be l e s s  r e s i s t a n t  
t o  corrosion than a l l o y  AT3. This i s  a l s o  supported by an ana lys i s  of photo- 
micrographs of the  polished sec t ions  ( f i g .  6 ) .  Samples of a l l o y  AT8 ( f i g .  6a) 
show both i n t e r c r y s t a l l i n e  and considerable p i t t i n g  corrosion of t he  a l loy .  
This i s  a l s o  c h a r a c t e r i s t i c  of a l l  t h ree  weld zones cons'idered. Tests  of a l l o y  
AT8 i n  t h e  vapor showed less corrosive a t t ack  than i n  the  case of immersion, 
but  t he  damage t o  a l l o y  AT8 w a s  g rea t e r  than t o  a l l o y  AT3. 

Af te r  the  corrosion t e s t s ,  a chemical ana lys i s  of t h e  reac t ion  medium was 
performed ( t a b l e  7). 
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Figure 5. Microstructure  of welded j o i n t  of a l l o y  AT3 
with complete immersion of specimens, x 150: a,  seam; 
b,  beginning of t he  heat-affected zone; c, end of t he  
heat-affected zone. 

The ana lys i s  showed t h a t  t h e  g r e a t e s t  quant i ty  of t i t an ium ions had passed 
i n t o  t h e  medium from a l l o y  AT8. 

During the  corrosion t e s t i n g  of t i t an ium a l loys  i n  so lu t ion  K1, we observed 
~~ /l7' 

t h a t  during the  i n i t i a l  per iod ( the  f irst  2 h r s )  t h e  so lu t ion  turned yellow, 
darkened gradual ly ,  then turned dark-brown i n  4 hrs .  To e luc ida te  the  cause of 
the change i n  the  co lor  of the  r eac t ion  medium, w e  conducted th ree  p a r a l l e l  ex- 
periments. I n  the  f irst ,  so lu t ion  K l  w a s  boi led without immersing t h e  samples. 



Figure 6. Microstructure of welded joint of alloy AT8 
with complete immersion of specimens, x 150: a, seam; 
b, beginning of heat-affected zone; e, end of heat- 
affected zone. 

The experiment showed that the color of the solution remained practically un- 
changed. In the second experiment, pure metallic titanium was immersed into 
KL, while in the third, pure metallic aluminum was immersed. 

Experiments with metallic aluminum also showed that the color of the solu- 
tion did not change. Tests with metallic titanium showed a change in the color 
of the solution similar to the one described above. Consequently, the change 
in the color of the reaction mixture was caused by titanium ions which had 
passed into solution K l  as a result of the corrosion of the alloys. Measurements 
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TABU 7. RESULTS OF CHEMICAL ANALYSIS OF SOLUTION K l  AFTER 
CORROSION TESTS (250 ms OF BOILING). 

Mat e r i  a1 

....... - . 

AT3. . . . . . . . .  
m8. . . . . . . . .  
t i tanium . . . . . .  
aluminum . . . . . .  
steel 1m18~gr . . .  
chromium-mangane se 

~1125~15. . . . . .  

- 

T i  

1.94 
2.48 
0.79 
none -- 
-- 

Quantity of ions,  g/l 

Al 

0.35 
0.23 
0.21 
5.04 

.~ 

-- 
-- 

of the  pH of t h e  so lu t ion  before  and a f t e r  t he  tests showed t h a t  whereas p r i o r  
t o  the  t e s t  the  p H  of t h e  so lu t ion  was 0.9, a f t e r  t h e  corrosion of a l l o y  AT3 
the  pH became 1.1, and a f t e r  t he  corrosion of a l l o y  AT8, rose t o  2. 
obvious t h a t  the  more t i t an ium ions pass i n t o  the  so lu t ion ,  t he  higher  i s  t h e  
pH. This i s  i n  good agreement with the  r e s u l t s  obtained. 

It i s  

Also t e s t ed  were multicomponent high a l loys  of type AT2 i n  10  percent  
formic acid both with and without s t i r r i n g  of t he  so lu t ion .  

Resul ts  of t he  corrosion t e s t s  showed an absolute  s t a b i l i t y  of t hese  a l loys  
under the  t e s t i n g  conditions.  It should be noted only t h a t  the  corrosion r e s i s t -  
ance of these  a l loys  i s  most favorably affected by complex a l loy ing  wi th  molyb- 
denum and vanadium, then wi th  zirconium and vanadium, and t h a t  a l e s s  favorable  
e f f e c t  i s  t h a t  of complex a l loy ing  with zirconium and molybdenum. 

Let u s  examine the  r e s u l t s  of electrochemical i nves t iga t ions  ( f i g s .  7 and 
The curve represent ing the  v a r i a t i o n  i n  the  e lec t rode  p o t e n t i a l  with t i m e  8 ) .  

i s  located i n  the  p o s i t i v e  region of p o t e n t i a l s  and remains near ly  unchanged 
with t i m e  ( f i g .  7) .  The po la r i za t ion  curves ind ica t e  a marked i n h i b i t i o n  of t he  
anodic and cathodic reac t ions  ( f i g .  8 ) .  The nature  of t he  va r i a t ion  i n  p o t e n t i a l  
and of the  po la r i za t ion  curves i s  i n  good agreement wi th  t h e  r e s u l t s  of t he  
corrosion t e s t s  of these  a l loys .  

Summary 

1. The absolute corrosion r e s i s t ance  w a s  es tab l i shed  f o r  weld j o i n t s  of 
t i tanlum a l loys  AT3 and A38 a t  room temperature i n  o l e i c ,  oxa l ic ,  t a r t a r i c ,  
ace t i c ,  and l a c t i c  ac id ,  n a t u r a l  cherry plum ju i ce ,  and i n  the  technological  
so lu t ions  K l  and V1. 

2. Chemical ana lys i s  of t h e  r eac t ion  medium es tab l i shed  t h a t  during t h e  
corrosion of t i tanium a l loys  a t  room temperature, no t r a n s f e r  of titanLum ions  
i n t o  t h i s  medium tdkes place.  



Figure 7. 
p o t e n t i a l  of a l l o y  AT2n. 

Change i n  t h e  e lec t rode  Figure 8. Polar iza t ion  
curves of a l l o y  AT2n. 

3. Electrochemical inves t iga t ions  confirmed t h e  results of t he  corrosion 
tests: 

(a )  The values  of t he  e lec t rode  p o t e n t i a l s  s h i f t  toward t h e  p o s i t i v e  
region wi th  time; 

(b) The na ture  of t he  po la r i za t ion  curves ind ica t e s  a considerable 
i n h i b i t i o n  of t h e  anodic reac t ions  (anodic p a s s i v i t y ) .  

4. Resul ts  of t e s t s  with s t i r r i n g  of t he  so lu t ions  showed t h a t  t h e  pro- 
t e c t i v e  f i l m  on t i tanium a l loys  becomes denser wi th  t i m e .  

5. A t  the  boi l ing  p o i n t , ' a  considerable corrosion of t he  t i tanium a l loys  
w a s  observed i n  so lu t ion  K l .  

6 .  A metallographic inves t iga t ion  es tab l i shed  t h e  presence of i n t e r -  
c r y s t a l l i n e  and p i t t i n g  corrosion of t h e  weld j o i n t s  of t i tanium. 

7. Titanium a l l o y s  AT2n were found t o  be absolu te ly  s t a b l e  i n  a so lu t ion  
of 1 0  percent  formic acid i n  tests wi th  and without s t i r r i n g  of t h e  so lu t ions .  
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vo AN SSSR, Kiev, 1955. 

3. Tomashev, N. D. Theory of Corrosion and Metal Pro tec t ion  (Teoriya k o r r o z i i  
i zashchita metallov).  Izd-vo AN SSSR, 1959. 
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STRENGTH OF I N T m T O M I C  BONDING OF SINGU-PHASE 
ALLOYS IN THF: SYSTEM Ti - Nb - Cr 

K. I. Shakhova and P. B. Budberg 

The strength of the interatomic bonding of the crystal lattice of metals 
and alloys may be characterized by various quantities: heat of sublimation, 
heat of melting, heat of solution, elastic constant, root mean square dis- 
placement of atoms at the lattice points and other parameters (ref. 1). 

A relationship wits established between the modulus of normal elasticity 
E and shear modulus G of pure metals and metallic compounds, on the one hand, 
and the characteristic temperature Q°K on the other (ref. 2). 
that the dependence between the elastic properties and the characteristic 
temperature also extends to single-phase alloys with Poisson's ratio ~1 = 
0.25-0.45 (ref. 3 ) .  

It was shown 

In the present work, an estimate of the interatomic bond in single-phase 
alloys of the ternary system Ti - Nb - Cr was made. 

The elastic constants of $ and y alloys were determined by an electronic 
method with the "Elastomat" unit1 
elastic characteristics within l-l.5$. 
rods 80-100 mm long and 6-8 mm in diameter melted in an arc furnace and cast 
in a vacuum. 

which made it possible to obtain the 
The specimens used were cylindrical 

The phase diagram of the system Ti - Nb - Cr at temperatures of 1000-600° 
was studied by the authors of the present article (ref. 4), who established 
that the compounds TiCr2 and NbCr2 in the temperature interval studied form 
a continuous series of solid solutions with a crystal lattice of MgCu2 type, 

i .e. , the y phase. 
in figure 1. 

The isothermal section of the system at 1000° is shown 

The study of the elastic constants of the alloys was made after quench- 
ing from 1000° the sections with ratio Ti: Nb = 4:l; 3:2; 2:3; 1:4. The 
results obtained are shown in table E. It follows from this table that in 
passing from the single-phase region of $ alloys to the two-phase $ -I- y 
region, the constants E and G increase considerably. 

'The determination of the elastic constants was carried out in cooperation w i t h  
S. G. Fedotov. 



Cr 

- . 90 80- 70 6ff 50 4 f f  3ff Z f f  lff 
Ti, wt percent 

Figure 1. Isothermal section of the diagram of the 
system Ti - Nb - Cr at 1000°. 

In alloys of all the sections with a content of 50 percent Cr in which the 
y phase becomes predominant (fig. l), the modulus of normal elasticity attains 
values of (16-21) x lo3 kg/mm2. 
of solid solutions of metallic compounds is considerably higher than that of 
solid solutions of the pure components of the 0 phase. The values obtained 
for the elastic constants of the alloys made it possible to calculate the 
characteristic temperatures 0 and the root-mean-square displacements of the 
atoms from the equilibrium position in the crystal lattice for solid solu- 

tions of metals and metallic compounds at O°K m and 293OK vg3 

It follows that the modulus of normal elasticity 

. 
The characteristic temperature was calculated from the following re- 

lations : 

where E is the 
atomic weight; 

modulus of normal elasticity, kg/cm2 x lo6; A is the average 
d is the density, g/cm3; 

16 where h = 6.62377.10-*7' erg sec is Planck's constant; k = 1.380257 x 10 

erg/deg is Boltzmann's constant; NA is Avogadro's number; c is the average 
propagation rate of vibrations, given by the expression 
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with 

The root-mean-square displacements of the atoms were determined from the 
Debye-Weller relation, which has the following form: 

where ma = 1.6724.10-24 is the mass of the hydrogen atom. 

408 

407 

40s 

I I t 

5 7L7 75 zg 
Cr, wt percent C r ,  wt percent 

Nlj, wt percent 

Figure 2. 

of the 13 solid solutions of the system Ti - Nb - Cr. 
Dependence of vg and -93 on the compositic 



TABLE 1. CHANGE IN THE ELASTIC CONSTANTS OF ALLOYS 
OF THE SYSTEM Ti - Nb - Cr ALONG SECTIONS. 

Composition Elastic constants 

Section No 

10 
30 
40 
45 
50 

I (Ti : Nb = 4:l 

9 3'10 
12 018 
13 GO7 
16 533 
1G G10 

~~ 

I1 (Ti:IVb=3 : 2 

. .  

111 (Ti:Nb=2:3) 

IV (Ti:Nb=l:4) 

~~ .- ~ 

5 
10 
15 
20 
30 
40 
50 

5 
10 
20 
30 

5 
10 
20 
30 
35 

_ -  

- 

- - 

8 050 
8 5'10 

10 GDI 
11 068 
12 10G 
I4 088 
17 030 

10 100 
11 200 
l i  952 
13 030 

10 005 
11 835 
12 127 
14 503 
14 720 

- .  

~~ 

G,  i;gjx.31'  

_ _  _. 

2 800 
2 007 
3 100 
4 129 
4 881 
5 383 
6 558 
G 881 

- _ _  

3 100 
3 240 
3 940 
4 475 
4 551 
5 383 
5 008 

__  _ -  
- 
- 
- 
- 

~- 

- 
- 
- 
- 
- 

- .  - 

P 

0.361 
0.3J1 
0.321 
0.358. 
0.255 
0.234 
0.321 
0.295 

~ -- 

0.334 
0.356 
0.256 
0.337 
0.33 
0.327 
0.321 

- 
- 
- 
- 

D (7-) 0 

The values of the function ~ were taken from the table given in 
0 
'I' 
- 

reference 1. 

The values of 0 as a function of the alloy composition, calculated from 
formulas (1) and (2), were in practically complete agreement; 

in table 2. The same table gives values of vz and 
alloys of the system, determined by means of formula (3). 

T1-ey are shown 

for single-phase 

The data of table 2 were used to plot the curves of the dependence of 

v> and vx? on the composition of the alloys (fig. 2). As the chromium content 
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TABI;E 2. VALUES OF 8 V?, n3 FOR @ SOLID SOLUTIONS OF THF: 

I (Ti:Nb = 4: l )  

I1 (Ti:Nb = 3:2) 

SOLUTIONS OF THE SYSTEM Ti - Nb - Cr ALONG SECTIONS AT QUENCH- 
ING TEMPERATLTRE AT 1000°. 

5 295 0.0802 
10 305 0.0789 
15 31 6 0.0766 
20 327 0.0764 

- -  

5 276 0.0789 
10 239 0.0762 
15 327 '0.071 9 

0.1681 
0.1600 
0.1570 
0.1531 

I 

I 
0.1625 
0.1543 
0.1439 

III(Ti:Nb=2:3) 1 i; I i2; 1 0.0728 I 0,1508 
0.077162 1 0.1441 

_ _  .- 

lV(Ti:Nb=1:4) 1 5 I 278 I 0.06870 1 0.1411 _---- - 

in the p solid solution increased, both vz, and vu%, decreased, indicating 

the influence of chromium on the increase in the interatomic bonding forces 
in the solid solution. As the limit of saturation of the solid solution was 

approached, values of vz a n d v z  reach their minimum (fig. 2, top). 

Niobium has a much weaker effect on the interatomic forces than chromium. 
The role of chromium in increasing the strength of the interatomic bond with 

rising temperature is particularly apparent, since the qua!.tity vz3 de- 
creases more rapidly than vz as a function of composition (fig. 2, bottom). 

It was of interest to evaluate the strength of the bonding in solid solu- 
tions of the metallic compounds TiCr and NbCre, i.e., the y phase. 2 

This could be done only by extrapolating the values of the elastic con- 
stants to the composition of alloys corresponding to single-phase @ solid 
solutions. 
the s o h  solutions of the compounds and the impossibility of preparing samples 
from them. 

The extrapolation was necessary because of the high brittleness of 

227 



The calculated values of 8, v-2 and for single-phase alloys of the 

section TiCr2-NbCr as a function of composition are shown in table 3 .  2 

0,06731 
0,06387 
0,06197 
0,05882 

TABLE 3 .  

TiCr,-NbCr, AT QUENCHING TEMPERATlTRE OF 1000°. 

VALUES OF 0 vq, vc3’OF ALLOYS OF THE SECTION 

0,1300 
0,1225 
0,1192 
0,1118 

C omDo s i t i or 
A 

Cr 

66 
66 
66 
66 

Ti 

27,2 
20,4 
13,6 
6.8 

at. 9 
N b  

6,s 
13,6 
20,4 
27,2 

e. OK 

437 
443 
445 
461 

From the table it follows that an increase in the content of niobium in 
the y solid solution leads to a rise in the characteristic temperature and a 

decrease in the values of and a3, , i.e., to an increase in the bonding 
forces in the lattice of the y phase as its content of niobium increases, 

In the alloys of the section TiCr -NbCr2, no estimate can be made of the 2 

influence of chromium on the change in the interatomic bonding forces, since 
the chromium content is practically constant in all of the alloys studied. 

- .  
From the regularities in the change of 0, VZ, vx3 in the solid solutions 

of metals and compounds of the j3 and y phases of the system Ti - Nb - Cr 
(table 2 and 3 ) ,  it follows that the strength of the bonding in the solid solu- 
tion of metals is less than in the metallic compounds. The weakening of the 
bonding forces in the solid solutions of metals with rising temperature is 
also more significant than in the solid solution of metallic compounds; this 

follows from a comparison of the ratios 

2.02-2.04 for the j3 phase and 1.88-1.93 for the y phase. 

=:e, which are equal to 

The conclusions drawn with regard to the influence of chromium and nio- 
bium on the strength of the bond in j3 and y solid solutions is confirmed when 
the hot hardness of the alloys is investigated. 
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Figure 3. Change in the hardness of alloys of 
the system Ti-Nb-Cr with temperature: a, sec- 
tion I; b, section IV. 

The determination of the hot hardness is one of the methods of estimating 
the strength of alloys at high temperatures. Alloys of section I containing 5, 
10 and 20 percent Cr practically preserve their hardness up to 400°, above 
which a monotonic decrease in hardness begins up to 1000°. The alloys with 
55 percent Cr, wkose structure consists of a y solid solution with a certain 
amount of the B phase, retains a high strength (250 kg/mm2) up to 1000°. It 
should be noted that a softening of this alloy.begins at a temperature above 
TOO0. 
approximately 16 percent (fig. 3a). 

Up to this temperature, the decrease in the hardness of the alloy is 

Alloys of section I1 with 5, 10 and 1 5  percent Cr begin to soften con- 
siderably at temperaturesabove 500°, while alloys with 50 and 60 percent Cr do 
so above 800'. 

From the standpoint of the nature of the change in hardness with tem- 
perature, the alloys of section I11 are analogous to the alloys of section 11. 
Only the alloy o f  section I11 with 60 percent Cr deserves some comment. Struc- 
turally, this alloy is a y phase containing a very small amount of the B phase, 
and it retains a high value of the hardness (650-510 kg/mm2) over the entire 
temperature range studied. 

Among the alloys of section IV, the alloy with 5 percent Cr retains its 
initial hardness up to hOO-500°, above which softening 
The alloy with 50 percent Cr is characterized by minimum softening: 
hardness changes from 800 to 600 kg/mm2 during heating to 1000°. 

takes place (fig. 3b). 
its 

Analyzing the data on-the change in the hot hardness of the alloys, one 
can see that the single-phase 8 solid solutions soften to a greater extent than 



t h e  y phase on heating. 
a favorable effect on the increase in hot hardness. 

Chromium (in fl alloys) and niobium (in y alloys) have 

The results obtained confirm the conclusion reached earlier from the analy- 
sis of the root-mean-square displacements of the atoms at 0 and 293OK concern- 
ing the greater interatomic bonding strength of solid solutions of metallic 
compounds and their lesser softening tendency with rising temperature. 

Summary 

1. Elastic constants of the alloys after quenching from 1000° were deter- 
mined. 

2. Values of the characteristic temperature and root-mean-square displace- 
ments of atoms at 0 and 293' K for single-phase fl and y solid solutions were 
calculated. 

3. The predominant role of chromium in hardening the fl solid solutions 
and of niobium in hardening the y phase was demonstrated. 

4. The established regularities were confirmed by studying the hot hard- 
ness of the alloys. 
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STUDY OF THE CREEP OF ALLOYS I N  THE 
SYSTEM Ti-V-Nb-Mo 

I. I. Kornilov, 0. K. Belousov and V. S. Mikheyev 

Vanadium, niobium and molybdenum are important a l loying elements of titanium 
a l loys .  The introduct ion of these  elements i n t o  titanium i n  amounts not exceed- 
ing  the  s o l u b i l i t y  l i m i t  of a - T i  causes an increase i n  ul t imate  s t rength  and 
preserves t h e  high indices  of elongation, reduction of area,  and impact s t rength  
( r e f s .  1-4).  I n  addi t ion,  one can expect a subs t an t i a l  increase i n  the  high- 
temperature s t rength  i n  t h e  region of single-phase @ s o l i d  solut ions of t i tanium 
with these  elements ( r e f s .  5-9) .  

One of t h e  l i n e s  of inves t iga t ion  i n  the  study o f  problems of high-tempera- 
t u r e  s t rength  i s  the  ana lys i s  of the  dependence of creep and s t ress - rupture  
s t rength  on t h e  character  of t he  chemical i n t e r a c t i o n  between metals and other  
elements of t he  per iodic  system, on the  equilibrium fac to r s  i n  the  systems, t he  
phase and s t r u c t u r a l  s t a t e ,  and crystal-chemical reac t ions .  

The quaternary system Ti-V-Nb-Mo w a s  s tudied i n  r e f .  10. It i s  character-  
ized by the  presence of a volume of a l i m i t e d a 4  s o l i d  solut ion,  a wide reg-ion 
of “4 + B4 phases, and a wide region of @ 4  solid solut ions ( f i g .  1). 

Figure 1. 
the  system Ti-V-Nb-Mo a t  6 0 0 ~ .  

Phase diagram of a l loys  of. 
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A study of t h e  high-temperature s t rength  of t h i s  system w a s  car r ied  out  by 
the  cent r i fuga l  method (ref. 11). The t e s t i n g  f o r  high-temperature s t r eng th  
w a s  done i n  three  s tages .  

and an i n i t i a l  stress of 15 kg/mm2 f o r  100 hrs ;  i n  the  second stage,  t h e  t rans-  

verse stress w a s  increased t o  20 kg/mm 
another 100 hrs .  I n  the  t h i r d  s tage of t h e  t e s t i n g ,  t h e  temperature w a s  ra i sed  

t o  600° at  a constant s t r e s s  of 20 kg/mm2, and the  t e s t i n g  w a s  continued f o r  
another 100 hrs .  Thus, t he  t o t a l  t e s t i n g  t i m e  w a s  300 h r s  a t  a s t r e s s  of 15-20 

kg/mm2 and temperatures of 500 and 600'. 
adopted, i n  the f i rs t  place,  f o r  t he  purpose of a mmparison with the  r e s u l t s  
of references 5 ,  6 and 9 per ta in ing  t o  the  high-temperature s t r eng th  of binary 
and t e rna ry  systems of t i tanium with vanadium, niobium, and molybdenum, and i n  
the  second place,  because of t h e  g r e a t  d i f fe rence  between the high-temperature 
s t rength  of t i tanium a l loys  based on l imited a s o l i d  so lu t ions  and the  s t r eng th  

of p4 so l id  so lu t ions  with a high content of a l loy ing  elements. 

I n  the  f i rs t  s tage,  the  specimens were t e s t e d  a t  500° 

2 and the  t e s t i n g  w a s  continued f o r  

This complex mode of t e s t i n g  w a s  

4 

The a l l o y  specimens were prepared along f o u r  r a d i a l  sec t ions  ( f i g .  1) with 
the  following r a t i o s  of a l loy ing  elements i n  each of them: V:Nb:Mo = 1:1:1 
( sec t ion  I); Mo:C (V, Nb) = 2 : l  ( sec t ion  11); Nb:C (V, Mo) = 2 : l  ( sec t ion  111; 
V:C (Nb, Mo) = 2 : l  ( sec t ion  I V ) ,  up t o  a t o t a l  content of a l loying elements of 
50 w t  percent.  

The following mater ia l s  were used t o  prepare t h e  a l loys :  t i tanium sponge 
TGOO of 99.8 percent  pu r i ty ,  carbothermic vanadium of 99.82 percent pu r i ty ,  
niobium of 99.4 percent  pu r i ty ,  and molybdenum of 99.9 percent  pur i ty .  The 
a l loys  were melted i n  an a rc  furnace i n  an argon atmosphere and c a s t  i n  copper 
ingot  molds 8 mm i n  diameter, then forged t o  a diameter of 6 mm from 9000. The 
a l loys  were vacuum-annealed f o r  20 h r s  a t  750°, 50 h r s  a t  7000, and l5O hrs  a t  
6 0 0 ~ ;  furnace cooling t o  200' l a s t ed  24 hrs .  

An ana lys i s  of t he  dependence of t he  bending de f l ec t ion  6 on the  durat ion 
of t h e  deformation under the  same t e s t i n g  conditions of the  a l loys  ( f i g .  2) 
makes it possible  t o  s t a t e  t h a t  t he  a l loys  of these  sec t ions  behave d i f f e r e n t l y .  
The highest  creep rate w i l l  be t h a t  of pure t i tanium, which under the  se lec ted  
conditions reaches a bending de f l ec t ion  of 5 mm i n  t he  f i rs t  f e w  minutes of t h e  
t e s t  ( f i g .  2a).  

I n  the  f irst  f e w  hours of t h e  test ,  a rapid increase i s  observed i n  the  
creep r a t e  of a l loys  containing small amounts of t he  al loying elements, cor- 
responding i n  composition t o  d i l u t e  a4 so l id  so lu t ions  of t i tanium. 

res i s tance  t o  p l a s t i c  deformation i s  displayed by a l loys  located near t he  
l i m i t  of saturated a so l id  so lu t ions  a t  t h i s  temperature, but i n  both cases a 

A higher 
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h r  

Figure 2.  Curves of t h e  creep of t i tanium and t i t an ium a l loys  

of the system Ti-V-Nb-Mo. Testing s tages:  I, t = 500°, 

o = 15 kg/mm2; 11, t = 500°, cr = 20 kg/mm2; 111, t = 600°, 

o = 20 kg nrm . 
percent;  b, sec t ion  11, content C(V, Nb, Mo): 1, 1.5  percent;  
2, 2.4 percent;  3, 8.1 percent;  4, 20.1 percent;  5, 30 percent;  
c, sect ion 111, content C(V, Nb, Mo): 
cent;  3, 1 5  percent;  4, 26 percent;  5, 40.2 percent;  6, 50.1 
percent;  d ,  sect ion I V ,  content C(V,  Nb, Mo): 1, 2.1 percent;  
2, 8.1 percent;  3, 40.2 percent;  4, 50.1 percent.  

a, sec t ion  I, content C(V, Nb, Mo): 1, 2.4 per- 
cent;  2, l 2  .2 percent;  3, 20.1 percent;  4, 33.0 percent;  5, 50.1 

1, 3 percent;  2, 4.2 per- 

pronounced softening of t h e  a l loys  takes  place during the  second s tage of t he  

t e s t i n g  (cr = 20 kg/m 
t i o n  w a s  exhibi ted by a l loys  from the  region of 84 s o l i d  so lu t ions .  

r a t e  of these  a l loys  a t  500° and o = 15-20 kg/mm 

second port ion of t h e  creep curve i s  close t o  zero, but a t  600° t h e  creep of 
these a l loys  increases  abruptly.  

2 and t = 500'). The highest res i s tance  t o  p l a s t i c  deforma- 
The creep 

2 i n  200 hr of t e s t i n g  i n  the  

On the  bas i s  of da ta  obtained by studying the  creep of a l loys  of the  
quaternary system, "composition - high-temperature s t rength"  diagrams were 
p l o t t e d  ind ica t ing  the  dependence of the  time necessary f o r  reaching a given 
bending def lec t ion  of 3, 5 and 10 mm ( f i g .  3) on t h e  composition under c e r t a i n  
given conditions.  The graph also shows polythermal sec t ions  i n  t h e  region of 
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Figure 3. 
t i o n  (3, 5 and 10 mm) on t h e  composition of a l loys  of t he  system Ti-V-Nb-Mo. 

Dependeme of t h e  time necessary f o r  reaching a given bending def lec-  

Testing s tages :  I, t = 500°, cr = 15 kg/m2; 11, t = 500°, o = 20 kg/mm 2. 111, 
t = 600°, 0 = 20 kg/m 2 ; a, sect ion I; b, sect ion 11; e, section 111; d, sect ionIV.  



polymorphic t ransformations.  
regions i n  which e i t h e r  t he  so lu t ion  of t he  B phase (a -,a + p boundary) or i t s  
p r e c i p i t a t i o n  (a + B --* f3 boundary) i s  poss ib le  a t  5000. Such an ex t rapola t ion  of 
t he  curves of t he  polymorphic transformation i n t o  the  region where the  d i f fus ion  
processes occur very slowly i s  poss ib le ,  as w a s  shown i n  t h e  study of t h e  phase 
diagrams of t h e  binary systems of t i t an ium with molybdenum and niobium ( r e f .  12) .  
I n  the  l imi t ed  region of t he  a4 s o l i d  so lu t ion ,  t he  high-temperature s t r eng th  

increases  with r i s i n g  t o t a l  content of t h e  a l loy ing  elements. The elevated high- 
temperature s t r eng th  under t h e  se l ec t ed  t e s t i n g  conditions corresponds approxi- 
mately t o  the  s o l u b i l i t y  l i m i t  of t h e  a: s o l i d  so lu t ion .  The most pronounced 4 
increase  i n  high-temperature s t r eng th  i n  t h e  a! region i s  observed i n  a l loys  of 
sec t ion  I1 (with a higher  molybdenum content ) .  This element, which i s  chemically 
more d i f f e r e n t  from t i tan ium than a re  vanadium and niobtum, hardens a - T i  t o  a 
g rea t e r  ex ten t .  The high-temperature s t r eng th  decreases i n  t h e  two-phase region. 
This i s  most pronounced i n  t h e  a l loy  of sec t ion  I V  with a high vanadium content,  
while t he  g r e a t e s t  s t r eng th  i n  t h e  two-phase region i s  displayed by a l loys  of 
sec t ion  11. A s  i s  evident from the  f igu res ,  bending de f l ec t ions  of 3 ,  5 and 10" 
i n  t he  a region a re  reached by almost a l l  t he  a l loys  during the  f i r s t  t e s t i n g  
s tage ,  and only i n  the  case of a l loys  of s ec t ion  I1 i s  it necessary t o  r a i s e  t h e  

s t r e s s  t o  20 kg/mm2 a t  500' i n  order  t o  reach a bending de f l ec t ion  of 10 mm. 
a l l oys  of s ec t ion  I a l s o  show a considerable increase  i n  high-temperature 
s t rength  i n  t h e  a region, but t o  a somewhat l e s s e r  extent  than a l loys  of s e c t i o n 1 1  
(with a higher molybdenum content ) .  
content of vanadium atoms i n  a l loys  of t h i s  s ec t ion  ( i n  terms of atomic percent ) ,  
which, a s  was shown i n  r e f .  5, has almost no e f f e c t  on t h e  increase  i n  t h e  high- 
temperature s t r eng th  of a - T i  under t h e  se l ec t ed  t e s t i n g  condi t ions.  

The shaded por t ion  of t he  diagrams ind ica t e s  the  

The 

This can probably be explained by a high 

Deformation of t h e  a l l o y  w i t h  33 percent of t he  t o t a l  a l loy ing  elements of 
r a d i a l  sec t ion  I begins only i n  t h e  t h i r d  s tage  of t h e  t e s t i n g ,  a t  6000 and 

0 = 20 kg/mm . 
s t rength .  I n  a l loys  corresponding t o  compositions located i n  t h e  shaded area  on 

2 Alloys o f  t h i s  region, based on B s o l i d  so lu t ions ,  d i sp l ay  a high 

the  diagrams, a t  600°, t he  second phase ( a  phase) which p rec ip i t a t ed  during t h e  

slow furnace-cooling of t h e  a l loys  a f t e r  annealing a t  600° and t e s t i n g  a t  500°, 

and which w a s  not able  t o  d isso lve  completely during t h e  t e s t s  a t  600°, i s  s t i l l  
present .  This a l l o y  ( f i g .  4 )  s t i l l  contains  a s i g n i f i c a n t  amount of t h e  f i n e l y  
dispersed a phase. Alloys of t h e  single-phase B region show a f u r t h e r  increase  
i n  high temperature s t r eng th  as compared t o  t h e  two-phase a l loys ;  t h i s  i s  pa r t i cu -  
l a r l y  apparent from t h e  example of a l loys  of sec t ion  I V .  Alloys of s ec t ion  I1 
(with 36 percent of t o t a l  a l loy ing  elements) were r e l a t i v e l y  b r i t t l e  and d i d  not 
withstand the  given bending s t r e s s .  

As shown i n  t h e  f i g u r e s ,  t h e  "composition - high-temperature s t rength ' '  d i a -  
grams agree s a t i s f a c t o r i l y  with t h e  change i n  t h e  phase equilibrium along t h e  
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sections of the system. The formation of a solid solution causes an increase 
in high-temperature strength. In the two-phase region, as the coagulation of 
the B phase proceeds, the high-temperature strength declines. Alloys in which 
the phase boundary is extensive are the most unstable. Even in alloys with a 
high total content (20 and 30 percent) of alloying elements, the high-tempera- 
ture strength is lower than in single-phase a: and B alloys. This may be 
attributed to the strong influence of the decrease in the temperature of the 
polymorphic transformation a: + B -, B on the high-temperature strength. As was 
shown in refs. 5-6 and 13-14, the polymorphism has an appreciable effect on 
the increase in plasticity upon the conversion from the hexagonal to the cubic 
structure with a higher lattice symmetry. The coagulation of the a: phase 
along the boundaries and grain of the B phase and the lower temperature of its 
transformation into the B phase make the lattice of the a: phase unstable and 
weaken the interaction at the phase boundary. In the finely dispersed state, 
the a: phase hardens the alloy somewhat, but the alloys of the equilibrium /3 
phase display the greatest high-temperature strength under the given testing 
conditions. 

Figure 4. Microstructure of alloy with 40.2 percent 

C(V, Nb, Mo) - section I after testing at 600° and 

G = 20 kg/mm 2 x 1350. 

In absolute values of the time necessary for reaching a given bending de- 
flection (5 and 10 mm), our data are somewhat lower than those cited in refs.5 
and 6, obtained by studying binary and ternary systems of titanium with vana- 
dium and niobium. Thi's'may be explained by the fact that the specimens pre- 
pared in refs. 5 and 6 by the powder-metallurgical method contained a consider- 
able amount of dissolved gases, particularly oxygen, which substantially 
hardens titanium. Thus, for example, in order to reach a 10 mm bending deflec- 
tion in pure titanium, it is reported in ref. 5 that about 20 hr were required 

at 500' and 0 = 20 kg/mm , whereas in our case titanium TGOO softened as early 2 



as the first few minutes of testing under the same conditions. 
refs. 5 and 6, use was made of vanadium containing 1.2 percent Al and a signifi- 
cant amount of dissolved gases. 

Furthermore, in 

The data obtained for the dependence of the high-temperature strength on 
the composition and phase structure make it possible to conclude that all the 
alloys of the a region of the quaternary system Ti-V-Nb-Mo soften rapidly at 

500' and cr = S5 kg/nnn2 and cannot be used as heat-resistant alloys for long 
periods of operation under the selected conditions. 

Molybdenum, introduced within the limits of its solubility in &Ti, is the 
most useful additive for increasing the high-temperature strength of such 
alloys. 
resistant alloys. 

Alloys from the region of p 4  solid solutions can be used as heat- 

The data obtained confirm the results of ref. 8 on the nature of the 
change in high-temperature strength in systems with limited solubility in the 
solid state and polymorphism in one of the components. 
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CHARACTERISTICS OF THE COLD BRITTLENESS OF TIT" 

B. B. Chechulin and M. B. Bodunova 

Introduct ion 

The appearance of t he  cold b r i t t l e n e s s  of metals i s  one of t h e  most 
dangerous phenomena i n  p r a c t i c a l  appl icat ions.  
t o  t he  nature  of cold b r i t t l e n e s s  and impact b r i t t l e n e s s  of metals, p a r t i c u l a r l y  
steels.  Nevertheless, t h e  pure ly  physical  f a c t o r s  causing some m e t a l s  t o  be 
cold sho r t  but  not  o the r s  have not been establ ished as y e t  (ref. 1). It should 
be noted t h a t  the  cold b r i t t l e n e s s  of iron-base a l loys  has been s tudied f a i r l y  
thoroughly. The inf luence of various f a c t o r s  on cold b r i t t l e n e s s  has been de- 
termined, and seve ra l  formal mechanisms have even been proposed t o  explain t h e  con- 
d i t i o n s  of t h e  appearance of b r i t t l e n e s s  i n  s teel .  On the  o the r  hand, t h e  cold 
b r i t t l e n e s s  of o the r  m e t a l s  has been studied very i n s u f f i c i e n t l y .  It i s  our  
view t h a t  t h e  nature of t h e  cold b r i t t l e n e s s  of metals can be determined only 
from extensive experimental material  obtained f o r  t h e  most diverse  metals. 

Many s tud ie s  have been devoted 

Studies  have shown t h a t  the cold b r i t t l e n e s s  i s  cha rac t e r i s t i , c  o f . m e t a l s  
having a body-centered cubic ( i ron ,  chromium, e t c . )  or hexagonal (zinc,  ti- 
tanium, e t c . )  c r y s t a l  l a t t i c e .  However, t h e  r e g u l a r i t i e s  of cold brittleness 
as such have been studied only i n  i r o n  alloys, whereas f o r  many o the r  m e t a l s  
only the  f a c t  of t he  appearance of b r i t t l e n e s s  under c e r t a i n  conditions has 
been mainly establ ished.  

The present work discusses  c e r t a i n  f ea tu res  of t h e  transformation of 
t echn ica l ly  pure t i tanium i n t o  a cold s h o r t  state and analyzes t h e  dependence 
of the  appearance of b r i t t l e n e s s  i n  t i tanium on various ex te rna l  f a c t o r s :  ex- 
t e n t  of t h e  s t r e s s  condition, deformation rate, and s i z e  of specimens. 

Material Used and Experimental Technique 

The inves t iga t ion  w a s  c a r r i e d  out on t echn ica l ly  pure t i t an ium obtained 
by remelting magnesiothermic t i tanium sponge i n  vacuum a r c  furnaces.  Three 
m e l t s  of  t i tanium were used which after t h e  preparat ion of t h e  ingots  w e r e  
forged i n t o  bars of round (14 mm i n  diameter) or square (14 mm on one s i d e )  
crosssect ionswhich w e r e  machined with a wheel u n t i l  t h e i r  t r ansve r se  dimen- 
s ion  w a s  10 mm. The machined specimen blanks were subjected t o  prolonged 
vacuum annealing a t  750' i n  o rde r  t o  achieve a well-annealed equi l ibr ium s t ruc -  
ture  and the  m a x i m u m  poss ib l e  e l iminat ion of v o l a t i l e  gaseous impuri t ies  
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(ch ief ly  hydrogen) from the  m e t a l .  
cha rac t e r i s t i c s  of t he  metal employed are shown i n  t a b l e  1. 

The chemical composition and mechanical 

i / O . O G  

i 

The cold b r i t t l e n e s s  of t i tanium i s  ch ie f ly  due t o  t h e  so-called hydrogen 
b r i t t l e n e s s  (ref. 2). For t h i s  reason, t he  specimen blanks w e r e  enriched with 
hydrogen i n  separate batches t o  various degrees i n  a spec ia l  u n i t  a t  TOOo. 

0.0'1 

The hydrogen content of t he  specimens w a s  ra ised i n  s teps  from 0.002 t o  
0.06 w t  percent. 

0.0'1 

0.06 

The main experimenjx involving the  determination of the  temperature thresh- 
o ld  of b r i t t l e n e s s  of t i tanium and the dependence of t he  temperature threshold 
on the  sharpness of the notch w e r e  conducted on cy l ind r i ca l  specimens. The 
smooth specimens were 7 mm i n  diameter and 55 mm long. 
(having a round notch) had an outer  diameter of 10 mm and a diameter i n  the  
notch of 7 mm. The influence of the  deformation rate on the  c r i t i c a l  tempera- 
t u r e  of b r i t t l e n e s s  w a s  studied on prismatic Menager specimens, and t h e  scale  
e f f e c t  w a s  studied on prismatic specimens geometrically s i m i l a r  t o  Charpy 
specimens. The t e s t ing  of t he  specimens w a s  car r ied  out by bending impact on 
Charpy impact machines and by s t a t i c  bending i n  spec ia l  attachments a t  a punch 
displacement rate of 0.1 mm/sec. The impact s t rength  w a s  determined i n  t e s t s  
of cy l indr ica l  specimens, and i n  t e s t ing  Menager and Charpy specimens, i n  ad- 
d i t i on  t o  measuring the  energy t o  f rac ture ,  t h e  Stribeck deformation character- 
i s t i c ,  i . e . ,  t he  degree of d i s to r t ion  of t he  working cross sect ion of t he  
specimen a t  t he  s i te  of the  f rac ture  w a s  measured. 

The notched specimens 

c 2 '  
0.15 0.03 

0.14 0.03 

Tensile and rupture t e s t s  were carr ied out on cy l indr ica l  specimens with 
a thinning of the  middle port ion i n  order t o  exclude breaks a t  the t i p s  of t he  
specimens (a t  a high hydrogen content). The thinning w a s  made by means of a 
c i r cu la r  recess having a radius of curvature of 90 mm; the  minimum diameter of 
the specimens w a s  5 mm. Tests a t  high temperatures were conducted i n  water (up 
t o  90') or i n  a spec ia l  furnace i n  a i r  (100-350°). Low-temperature (-196O) 
t e s t s  were made with precooling i n  a mixture of benzine and l iqu id  nitrogen or 
i n  l iqu id  nitrogen. Checking t e s t s  es tabl ished t h a t  the t e s t ing  temperature 
was recorded within -+5O. 

TAEXJZ 1. CAEMICAL COMPOSITION AND MECHANICAL CEVIRACTERISTICS 
OF INVESTIGATED TITAKIXM 

3 10.05 
, 
I 

I Impurity content not more I Mechanical cha rac t e r i s t i c s  
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Results and Discussion 

Let us consider t h e  dependence of the  impact s t rength,  determined on cyl-  

The impact s t rength  of t i tanium worked i n  a vacuum does not dec l ine  
ind r i cd l  specimens, on t h e  t e s t i n g  temperature f o r  vacuum-annealed t i t an ium 
( f ig .  l a ) .  
with decreasing temperature down t o  -1960. 
f a c t  t h a t  na tu ra l  cold b r i t t l e n e s s  i s  lacking i n  t i tanium. An increase i n  t h e  
sharpness of t he  notch i n  the  specimens causes a c e r t a i n  decrease i n  t h e  impact 
s t rength  of t h e  mater ia l  (as a r e s u l t  of a g r e a t e r  l o c a l i z a t i o n  of p l a s t i c  defor- 
mation); t h i s  i s  manifested t o  a g rea t e r  ex ten t  t h e  lower t h e  t e s t i n g  tempera- 
t u r e .  The use of c i r c u l a r  notches 1.5 mm deep with a bottom rad ius  of curvature 
of 5 ,  2 and 0.5 mm did not revea l  any regions of abrupt decrease i n  impact 
s t rength,  with t h e  exception of an unexplained minor decl ine a t  a temperature 
below -looo. 

This confirms t h e  already es tab l i shed  

-2OU-7UU 0 705 ZDD 3UU 
8, "C 

Figure 1. 
temperature f o r  various r a d i i  i n  t h e  bottom of t h e  notch of speci-  
mens: a, t i tanium after annealing; b, t i tanium with 0.013 w t  per- 
cent  H2; c,  t i t an ium wi th  0.035 w t  percent  H2; 1, smooth specimens; 
2,3,4, notched specimens (notch radius:  2-5 m; 3-2 mm; 4-0.5 mm). 

Dependence of impact s t r eng th  of t i tanium on t e s t i n g  
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The introduct ion of even a s m a l l  amount (0.015 percent)  of hydrogen ( f ig .  
lb) changes appreciably the  dependence of t h e  impact s t rength  on the  t e s t i n g  
temperature. While tests of smooth specimens and specimens with r e l a t i v e l y  
"soft" notches (bottom radius  of curvature of 5 and 2 mm) d id  not revea l  any 
v i s i b l e  b r i t t l e n e s s  threshold,  i .e. ,  any sharp drop i n  impact s t rength  over a 
narrow temperature range, tests of notched specimens with a bottom radius  of 
curvature of 0.3 mm revealed a sharp drop i n  impact s t r eng th  a t  a temperature 
below 100'. 

An increase i n  hydrogen content t o  0.033 percent  l ed  t o  the  appearance of 
a cold b r i t t l e n e s s  threshold even i n  specimens without notches ( f i g . 1 ~ ) .  
c h a r a c t e r i s t i c  t h a t  t h e  temperature range of appearance of b r i t t l e  f r ac tu res ,  or 
c r i t i c a l  b r i t t l e n e s s  temperature, w a s  found t o  vary i n  a regular  fashion with 
the  sharpness of t he  notch: the  lowest temperature (600) w a s  observed i n  smooth 
specimens, a higher  value (1600)--in specimens with a 5 mm radius  of curvature 
of t he  notch bottom, and the  highest  (200°)--in specimens with a 2 mm radius  of 
curvature of t h e  notch bottom. Thus, the  r e g u l a r i t y  of t he  dependence of t h e  
c r i t i c a l  b r i t t l e n e s s  temperature on t h e  sharpness of t h e  notch q u a l i t a t i v e l y  
agrees very w e l l  wi th  the  r e s u l t s  of a s tudy of t h e  cold b r i t t l e n e s s  of s t e e l  
(see, f o r  example, ref. 3 ) .  Furthermore, t h e  nature  of t he  change i n  impact 
s t rength  within the  temperature range of appearance of b r i t t l e n e s s  i s  t h e  same 
as i n  s t e e l :  smooth specimens give the  most abrupt decl ine i n  impact r e s i s t -  
ance, while notched specimens show a smoother decrease i n  impact res i s tance .  

It i s  

Of g rea t  i n t e r e s t  i s  the  microstructural  p a t t e r n  of b r t t t l e  and d u c t i l e  
f r ac tu re  of t i tanium ( f i g .  2).  It i s  e a s i l y  observed t h a t  the  b r i t t l e  f l a w s  
are d i r e c t  r e s u l t s  by l aye r s  of t h e  separa t ion  of t i tanium hydrides, whose 
gra ins  have the  form of needles ( r e f .  4) .  The given microstructural  p a t t e r n  
of the  b r i t t l e  and d u c t i l e  f r a c t u r e  i s  qu i t e  similar t o  the  b r i t t l e  f r a c t u r e  
of s t e e l  along t h e  twinning planes ( r e f .  5 ) .  The d u c t i l e  f r ac tu re  of t i tanium 
i s  not r e l a t ed  t o  any o r i en ta t ions  within t h e  gra in .  

Let  us now examine t h e  inf luence of the  deformation rate on the  cold 
b r i t t l e n e s s  of t i tanium. The r e s u l t s  obtained wi th  notched Menager specimens 
a t  various temperatures a re  shown graphica l ly  ( f i g .  3 ) .  
c r i t e r i o n  of d u c t i l i t y  used w a s  the  deformation cha rac t e r i s t i c ,  :.e., t h e  de- 
gree of d i s t o r t i o n  of t he  working cross  sec t ion  of the  specimen a t  the  s i t e  
of the  break, as proposed by Str ibeck ( r e f .  6) .  
vacuum-annealed t i t an ium r e t a i n s  i t s  d u c t i l i t y  a t  a high l e v e l  as the  t e s t i n g  
temperature i s  lowered t o  -196O, both i n  impact tests and i n  t e s t s  under s t a t i c  
conditions.  
is  d i f f i c u l t  t o  explain i f  we confine ourselves t o  t h e  r e s u l t s  of our experi-  
ments,. but it may be assumed t h a t  it r e s u l t s  from a l o c a l  rise i n  the  tempera- 
t u r e  of the  metal i n  t h e  volume t raversed by p l a s t i c  deformation, owing t o  
t h e  low thermal conduct ivi ty  of t i tanium. 
a t  temperatures of 200-300° and the  slow deformation may be explained by t h e  
s t r a i n  aging of t i t an ium i n  t h i s  temperature i n t e r v a l  ( re f .  7).  

I n  these t e s t s ,  t he  

As  can be seen from f i g u r e  3, 

The higher p l a s t i c i t y  i n  the  low-temperature region i n  impact t e s t s  

The appreciable increase i n  d u c t i l i t y  

Tests  of t i tanium specimens containing 0.03 percent  H2 revealed a d i s t i n c t  

b r i t t l e n e s s  threshold both under s t a t i c  and impact loads.  I n  complete conformity 
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Figure 2. Appearance of fracture of titanium 
specimens under bending impact, x 100. Metal 
was preheated in a hydrogen-containing medium 
at 11000. 

with the general regularities of the cold brittleness of steel, a dynamic load 
shifts the brittleness threshold into a region of higher temperatures than in 
static tests. 

The results of static bending tests at various temperatures of geometri- 
cal ly  similar samples of titanium containing 0.03 percent H2 are shown in table 

2. The Stribeck characteristic was taken as the measure of the ductility. 
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Figure 3. Deformation cha rac t e r i s t i c  calculated according 
t o  Stribeck versus t e s t i n g  temperature for  vacuum-annealed 
t i tanium containing up t o  0.03 w t  percent H i n  dynamic and 

s t a t i c  bending: 1, vacuum-annealed titanium, dynamic bend- 
ing; 2, vacuum-annealed titanium, s t a t i c  bending; 3, t i tanium 
containing 0.03 percent H2, dynamic bending; 4, t i tanium con- 

2 

t a in ing  0.03 piercent H2, s t a t i c  bending. 

TABLE 2. STRIBECK DEFOEMATION CHARACTERISTIC OF 
TITANIUM SPECIMENS CONTAINING 0.03 PERCENT Hg I N  
STATIC B E ~ I N G  TESTS (IN PERCENT). 

Testing t e m -  
perature,  OC 

+go 
+SO 
+GO 
+50 
+40 
+20 
+I4 
+z 
+I 
-7 
-10 
-15 
-20 
'-28 
-30 
-4 0 
-50 
-60 
-80 

cold b r i t t l e -  
ness tempera- 
t u r e  (start  a 
decrease) OC 

Cross s 
20 x 20 

39.0 
33.5 

15.5-10.5 
20.0-14.0 

16.0 
4.0-0.0 

__ 

+ 80 

: t ion  of specimen 
10 x : 

39.6-21 

31.5-2: 
25.8 
11.3 

13.6 

12.1 

2.6 

0.5 

+20 

~. . 5 x 5  

31.2-26.8 

22.0 
25.6 

7.6 

14.8 

11.6 
8.8 

15.2-6.4 

+ I O  

L 

. .  

, m m  
2 x 2  

21.6-19.00 

17.4 

19.1 

9.8-4.3 

7 .2 -4 .6  
6.6  

9.3-8.3 
i .3 
1.4 

-15 
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It should be noted t h a t  t h i s  c h a r a c t e r i s t i c  ( r a t i o  o f  t he  d i f f e rence  i n  t h e  
width of contracted and d i l a t e d  f i b e r s  t o  t h e  height of t h e  c ros s  sec t ion  a t  t h e  
s i t e  of rupture) i s  a purely a r b i t r a r y  r e f l e c t i o n  of t h e  d u c t i l i t y ,  s ince  the  
cross  sec t ion  of t h e  f r ac tu re  can only be approximated by a t rapezoid,  f o r  which 
reason t h e  absolute value of t h i s  c h a r a c t e r i s t i c  can vary appreciably. This 
apparently explains t h e  s u b s t a n t i a l  d i f f e rence  i n  the  absolute values of t he  
deformation c h a r a c t e r i s t i c  i n  specimens of d u c t i l e  t i tanium. However, t h e  rela- 
t i v e  change of t h i s  c h a r a c t e r i s t i c  with decreasing temperature, which reveals 
t h e  b r i t t l e n e s s  threshold,  unquestionably e s t ab l i shes  t h e  c r i t i c a l  b r i t t l e n e s s  
temperature with s u f f i c i e n t  r e l i a b i l i t y .  
c a l  b r i t t l e n e s s  temperature rises systematical ly  wi th  increasing dimensions of 
t h e  specimens, and t h e  c h a r a c t e r i s t i c  i s  -1-5' f o r  specimens measuring 2.2 mm, 
+loo f o r  specimens measuring 5.5 mm, and + 800 f o r  specimens measuring 20-20 

A s  i s  evident from t a b l e  2, t h e  c r i t i -  

mm. 

Thus, it may be concluded t h a t  t h e  cold b r i t t l e n e s s  of t i tanium a r i s i n g  
from t h e  presence of hydrogen and acted upon by the  p r i n c i p a l  ex te rna l  f ac to r s - -  
extent  of t h e  stress condition, deformation rate and specimen s i z e - - i s  manifested 
wi th  the  same r e g u l a r i t y  as i n  s teels .  

It i s  n a t u r a l  t o  assume t h a t  the  s imilar i ty  of these r e g u l a r i t i e s  i s  a 
manifestation of t h e  dual  nature of t h e  f r a c t u r e  of titanium-containing hydro- 
gen. These suggestions had already been expressed by L.  S. Moroz ( ref .  8) i n  
connection with an analysis  of t he  nature  of t h e  hydrogen b r i t t l e n e s s  of 
t i tanium . 

The well-known i n t e r p r e t a t i o n  of academician A.F.  I o f f e  i s  based on the  re- 
s u l t s  obtained with rock s a l t  a t  various temperatures. This i n t e r p r e t a t i o n  pre-  
supposes two types of s t rength :  a b r i t t l e  and a d u c t i l e  f r a c t u r e .  The s t r eng th  
of b r i t t l e  f r a c t u r e ,  i .e. ,  t h e  rupture s t rength ,  i s  independent of ex te rna l  
f a c t o r s  (stress condition, temperature and deformation r a t e ) ,  whereas on t h e  
contrary,  t he  s t r eng th  i n  d u c t i l e  f r ac tu re ,  i . e . ,  t h e  deformation r e s i s t ance ,  
depends s t rongly on these  f ac to r s .  The extension of A. F. I o f f e ' s  i n t e r p r e t a t i o n  
t o  metals, suggested by N. N.  Davidenkov, made it poss ib l e  t o  s e l e c t  a s t r u c t u r a l  
system of t h e o r e t i c a l  i n t e r p r e t a t i o n s  of t he  cold b r i t t l e n e s s  of metals and t o  
e s t a b l i s h  many r e g u l a r i t i e s  i n  t h e  va r i a t ion  of b r i t t l e n e s s  temperature wi th  
various f a c t o r s .  However, t h e  appl icat ion of A. F. I o f f e ' s  i n t e r p r e t a t i o n  t o  
metals w a s  found very d i f f i c u l t .  Only i n  t h e  case of i r o n  phosphite w a s  it pos- 
s i b l e  t o  obtain ( r e f .  9) a curve of t he  change i n  s t r eng th  with temperature 
t h a t  w a s  close t o  A. F. I o f f e ' s  i n t e rp re t a t ion .  The d i f f i c u l t y  of applying t h i s  
i n t e r p r e t a t i o n  t o  m e t a l s  w a s  mainly due t o  an attempt t o  ob ta in  an i d e a l l y  b r i t -  
t l e  f r a c t u r e  (without any appreciable r e s idua l  s t r a i n s )  which, as w a s  shown by 
subsequent invest igat ions,  does not e x i s t  a t  a l l .  However, without changing i t s  
e s s e n t i a l  features ,  one can re-present A. F. I o f f e ' s  i n t e r p r e t a t i o n  i n  a some- 
what d i f f e r e n t  manner i f  by b r i t t l e  s t r eng th  of metals i s  meant t h e  rupture 
s t r eng th  (independently of t he  p l a s t i c  deformations), and i f  t h e  curve repre- 
sent ing the  temperature dependence of t h e  y i e ld  s t re i lgth i s  replaced by a curve 
representing the  temperature dependence of t he  s t r eng th  a t  d u c t i l e  f r a c t u r e .  

Considering the  above refinements, we p lo t t ed  curves o f  t h e  change i n  
t e n s i l e  s t r eng th  f o r  t i t an ium containing d i f f e r e n t  amounts of hydrogen ( f i g .  4). 
These curves provide a complete confirmation of A. F. I o f f e ' s  i n t e r p r e t a t i o n .  
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t e s t i n g  temperature, OC 

Figure 4. True rupture s t r e n g t h  versus t e s t i n g  
temperature f o r  t i tanium containing various amounts 
of hydrogen: 1, vacuum-annealed t i tanium; 2, ti- 
tanium containing 0.013 w t  percent  H2; 3, t i tanium 

containing 0.035 w t  percent  Hg; 4, t i tanium contain- 

ing  0.060 w t  percent  H2. 

The s t r eng th  of vacuum-annealed t i tanium increases  continuously as t h e  tempera- 
t u r e  drops t o  -196O. 
s t r eng th  t o  the  l e v e l  of t he  cleavage s t rength,  which i s  p r a c t i c a l l y  indepen- 
dent  of temperature. 

The introduct ion of hydrogen l i m i t s  the  increase i n  

The l e v e l  of t h e  cleavage s t r eng th  depends e n t i r e l y  on t h e  hydrogen content 
of t i tanium. The more hydrogen i s  p resen t  i n  t i tanium, t h e  lower i s  t h e  cleav- 
age s t rength ,  or s t r eng th  a t  b r i t t l e  f r a c t u r e .  Thus, t h e  experimental da t a  show 
t h a t  a d i r e c t  cause of t he  cold b r i t t l e n e s s  of t i tanium i s  a sharp decl ine in 
i t s  cleavage s t r eng th  under the  influence of hydrogen introduced i n t o  t h e  m e t a l .  
I n  t h e  l i g h t  of t h e  r e s u l t s  obtained, it i s  necessary once again t o  r e t u r n  t o  
t h e  idea of a possible  general  cause of cold b r i t t l e n e s s  by r e l a t i n g  it t o  the  
unavoidable presence i n  metals of oxygen, ni t rogen and hydrogen impuri t ies  o r  
any o the r  elements. It i s  known t h a t  such an explanation of cold b r i t t l e n e s s  
has a l ready been proposed i n  a study of t h e  b r i t t l e n e s s  of chromium (refs. 10 
and 11). 

It i s  possible  t h a t  even when t h e  content of impuri t ies  i s  minute, t h e  
cleavage s t r eng th  af metals increases  sharply. The decrease i n  cleavage s t r e n g t h  
may be due t o  the  passage of t h e  f i r s t  s h i f t s  causing a weakening of bonds along 
c e r t a i n  crystal lographic  planes on which t h e  impuri t ies  can p r e c i p i t a t e .  Ap- 
parent ly ,  t h i s  process i s  c h i e f l y  c h a r a c t e r i s t i c  of m e t a l s  wi th  a body-centered 
or hexagonal l a t t i c e .  

The influence of p l a s t i c  deformation on the  embrittlement process can be 
confirmed by tests f o r  t h e  impact s t r eng th  of t i tanium wi th  various hydrogen 
contents. The curves representing the  r e l a t ive  decrease i n  t h e  impact s t r eng th  
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H2, wt percent 

Figure 5. Relative change in impact strength 
versus hydrogen content: 1, titanium work- 
hardened to the extent of 25 percent; 2, an- 
nealed titanium. 

of cold-worked and annealed titanium with rising hydrogen content (fig. 5) show 
that additional cold worklng substantially reinforces the decline in impact 
strength. This means that the cleavage strength decreases appreciably in the 
course of plastic deformation and that the sensitivity of titanium to hydrogen 
brittleness increases. 

Conclusions 

1. The cold brittleness of titanium is explained Ly the presence of hydro- 
gen. Cold brittleness 1s not displayed by titanium free from hydrogen. 

2. The regularities in the change of the critical brittleness temperature 
of titanium with external factors--extent of the stress condition (sharpness of 
notch), rate of application of loads and dimensions of specimens--are the same 
as in steel. 

3. The applicability of A. F. loffe's interpretation to the analysis of 
the conditions under which cold brittleness is displayed in titanium has been 
confirmed. The main cause of the appearance of cold brittleness in titanium is 
a decrease in cleavage strength due to the introduction of hydrogen into 
titanium . 

4. It was shown that the principal cause of the cold brittleness of metals 
may be the presence of impurities whfch are bound to be present in metals o f  
technical purity. 
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CREEP OF ALLOY AT3 AT 350' 

K. P. Markovich, V. S. Mikheyev and Z. G. Fridman 

A t  the  present  t i m e ,  the  only high-strength mater ia l s  with a dens i ty  of 

4.4-4.6 g/cm3 f o r  operat ion a t  300-550° are titanium-base a l loys .  
reason, t he  development of t h e o r e t i c a l  and experimental s tud ies  f n  t h e  f i e l d  of 
high-temperature s t r eng th  of t i tanium a l loys  assumes an exceptional importance. 
One of the  main problems i n  t h i s  f i e l d  is  t h e  study of t he  p rope r t i e s  and be- 
havior of t he  a l loys  i n  t h e  course of creep. 

For t h i s  

The purpose of t he  present  work w a s  t o  e s t a b l i s h  the  creep l i m i t  of ti- 
tanium a l loy  AT3 a t  350° f o r  a t o t a l  deformation of l percent i n  t h e  course of 
20,000 h r s  of t e s t i n g ,  and a l so  t o  s tudy the  change i n  the  mechanical character-  
i s t i c s  of the  a l l o y  a f t e r  it has been t e s t ed  f o r  creep under se lec ted  conditions.  

Work conducted e a r l i e r  i n  t h i s  d i r ec t ion  has shown ( r e f .  1) t h a t  a l l o y  AT3 

a t  300 and 350° and a s t r e s s  of 30 kg/mm2 following 5000 hrs  of creep t e s t s  i s  
characterized by a high creep r e s i s t ance  and r e t a i n s  a high thermal s t a b i l i t y .  

An a l loy  melted under p l an t  conditions i n  a vacuum arc  furnace by double 
remelting was chosen f o r  t h e  inves t iga t ion .  The following s t a r t i n g  mater ia l s  
were used i n  the  prepara t ion  of t he  a l loy :  t i tanium sponge TGO with an u l t imate  

s t rength  of 39-43 kg/mm*, technica l  s i l i c o n  KR, chromium X I ,  t echnica l  i ron ,  
and a chromium-boron master a l loy  (up t o  10  percent  B ) .  
were introduced i n t o  the  a l l o y  i n  t he  form of a complex master a l loy .  The chem- 
i c a l  composition of a l l o y  AT3 was as  follows: base, T i ;  2.7 percent AL; 0.6 
percent  Cr; 0.30 percent  Fe; 0.36 percent  S i ;  0.01 percent  B (ca lcu la ted) .  

The al loying elements 

After  forging,  t he  mechantcal c h a r a c t e r i s t i c s  of a l l o y  AT3 were as  follows: 

ob = 86.4 kg/mm2; os = 84.9 kg/mm2; 6 = 14.5 percent;  9 = 43.2 percent ;  cc, = 7.7 

.kgm/cm2. After annealing a t  8500 f o r  30 min and cooling i n  a i r ,  t h e  mechanical 

c h a r a c t e r i s t i c s  assumed the  following values: 

kg/mm2; 6 = 14.8 percent;  @ = 44.75 percent ;  % = 6.8 kgm/cm2. 

ob = 86.3 kg/mm2; os = 85.0 
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Specimens f o r  creep t e s t s  were prepared from a forged rod 20 mm i n  diameter. 
The t e s t s  were made with an IP-5 machine a t  a constant temperature of 350° and 

s t r e s s e s  of 15, 30, 33, 37, 45 and 50 kg/mm2. 
t h e  above s t r e s s e s  w a s  respec t ive ly  5,454, 6,662, 5,705, 5,215, 12,000 and 9,300 
hrs .  

The dura t ion  of t h e  tests under 

To determine the  s t a b i l i t y  of t he  a l loy  i n  the  course of long-time creep 
t e s t i n g ,  t he  mechanical p rope r t i e s  of t h e  a l l o y  w e r e  s tudied a t  room temperature 
after the  creep t e s t .  Standard rupture- tes t  specimens were cu t  out of t h e  
working p a r t  of t h e  creep-tested specimens. 

Results 

Creep of a l l o y  AT3. L e t  us examine the  d a t a  on t h e  creep following tes ts  
of a l l o y  AT3 l a s t i n g  from 5,000 hrs  a t  a constant temperature of 350° and creep 

stresses of 15, 30, 33, 37, 45 and 50 kg/mm2. 

The shape of t h e  creep curve a t  stresses of 15 and 30 kg/mm2 ( f i g .  1) i s  
c lose  t o  l i n e a r .  The s tage  of t r a n s i e n t  creep i s  b r i e f .  I t s  durat ion does not 

exceed 

creases  t o  37 kg/mm2, t h e  s tage of t r a n s i e n t  creep increases  t o  approximately 
1,200 hrs .  The stage of s teady-s ta te  creep i s  f a i r l y  long f o r  a l l  s t r e s s e s  and 
does not end a f t e r  5,000 h r s  of t e s t ing .  Under t h e  se lec ted  c reep- tes t  condi- 
t i o n s ,  t he  t h i r d  s tage,  t h a t  of accelerated creep, i s  absent.  The t o t a l  defor- 
mation i n  5,000 h r s  of t e s t i n g  increases  with r i s i n g  creep stress from 0.18 

percent a t  15 kg/mm2 t o  0.92 percent  a t  37 kg/mm2. 

2 -200 h r s  f o r  stresses of 15 and 30 kg/mm . A s  t he  creep s t r e s s  in-  

As  shown by t h e  creep curves f o r  s t r e s s e s  of 45 and 50 kg/mm2 ( f i g ,  2), 
the  s tage  of s teady-s ta te  creep begins a f t e r  400 h r s  of t e s t s  under a s t r e s s  of 

45 kg/mm2 and does not end af ter  12,000 hrs .  
i s  1.2 percent .  

The t o t a l  deformation f o r  12,000 h r s  

I n  t e s t s  of a l l o y  AT3 under a s t r e s s  of 50 kg/mm2, the  s tage of steady- 
s t a t e  creep begins a f t e r  t e s t i n g  f o r  1,000 h r s .  
h r s  i s  4.8 percent.  

The t o t a l  deformation f o r  9,300 

The c.reep curves ( f ig s .  1 and 2) make it poss ib le  t o  d e t e m m e  t h e  r a t e  of 
s teady-state  creep on var ious port ions of t he  curve. The r a t e  of s teady-s ta te  
creep v 

t i m e  AT during which t h i s  elongation took place.  

w a s  defined as t h e  quot ient  of the  d iv i s ion  of t h e  elongation A1 by the  
P 

The creep rate a t  t h e  s teady-s ta te  s tage increases  with r i s i n g  s t r e s s ,  but 

does not exceed 2-lO-5 percent h r s  for a stress of 37 kg/mm2. An inc rease . in  



E. % 

durat ion of t e s t ,  h r  

Figure 1. Creep curves of a l loy  A!T3 at  350°: 

1, 0 = 37 kg/mm 2 , vp = 2.10'5 percent/hr;  2, 

(5 = 30 k g / m  2 , vp = 1.5010'5 percent /hr ;  4, 

CT = 15 kg /m 2 , vp = 10-5 percent/hr.  

cr = 38 kg/mm2, vp = 2.10'5 percentfhr;  3, 

Figure 2. 

creep s t r e s s e s  of 45 and 50 kg/mm . 
Creep curves of a l loy  m3 a t  350' and 

2 

creep r a t e  i s  observed i n  t e s t s  under s t r e s ses  of 45 and 50 kg/mm2. 
presence of these s t r e s ses ,  the  creep r a t e  a t  the  s teady-s ta te  stage i s  equal 

t o  an average of 0.5-10-4 and 1.6. 

remaining constant f o r  12,000 hrs of t e s t s  under a stress of 45 kg/m2. 

I n  t h e  

percent/hr respect ively,  t he  creep rate 

W e  used the  numerical values of creep rates, obtained from t he  "elongation- 
time" curves, t o  p l o t  curves representing the change i n  the creep rate i n  semi- 
logarithmic "s t ress-creep ratel' coordinates ( f ig .  3). Such a curve enabled us 
t o  determine the  l i m i t i n g  s t r e s s  a t  350' causing a spec i f ied  r e s i d u a l  deforma- 
t i o n  of 1 percent a f t e r  20,000 h r s  of t e s t s .  The creep rate a t  a r e s i d u a l  
deformation of 1 percent after 20,000 h r s  of tests a t  t h e  indicated temperature 

w i l l  be 5.10-5 percent/hr.  

. ....... . .... . .. . . . .._ . .-.... . , , 
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Figure 3. Curves of the  r e l a t i o n  between cr and 
v f o r  a l l o y  AT3 with 2.7 percent  Al, 1.26 per- 

cent  C (CR, Fe, S i )  a t  350'. 
P 

Consequently, t he  l imi t ing  stress causing a creep rate of percent /hr  
a t  350° f o r  a l l o y  AT3 containing 2.7 percent Al and 1.26 percent  C ( C r ,  Fe, S i )  

w i l l  be 42 kg/mm*. 

Change i n  Mechanical Proper t ies  

Let us  examine the dependence of the  mechanical p rope r t i e s  of a l l o y  AT3 at  
room temperature on the  creep stress ( f ig .  4).  

It i s  apparent from the  d a t a  obtained t h a t  t he  u l t imate  s t rength  of the  
a l l o y  and t h e  p l a s t i c i t y  c h a r a c t e r i s t i c s  d and $ do not undergo any appre- 

c iab le  changes following creep t e s t s  a t  various s t r e s s e s .  Thus, i n  the  i n i t i a l  

s tate (after forg ing) ,  t h e  a l l o y  had an u l t imate  s t r eng th  of 86.4 kg/mm2 and an 
elongation p e r  u n i t  l ength  of 16.3 percent ,  whereas after creep tests a t  350° 

and a creep s t r e s s  of 45 kg/m2 applied f o r  5,900 h r s ,  t h e  u l t imate  s t rength  w a s  

85.8 kg/mm2, the  elongation p e r  u n i t  length w a s  16.4 percent  and I) = 40.2 
percent .  

Consequently, t he  u l t imate  s t rength  and t h e  p l a s t i c i t y  c h a r a c t e r i s t i c s  of 
the  a l loy  do not undergo any subs t an t i a l  changes after s u f f i c i e n t l y  long creep 
tests. 
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Figure 4. Change i n  the  mechanical proper t ies  
of t i tanium a l loys  AT3 with 2.7 percent A l  and 
1.26 percent ( C r ,  Fe, S i )  a f t e r  a creep t e s t  
of 5,000 h r s  a t  350'. 

I n  the course of a prolonged creep tes t ,  t he  a l l o y  does not become em- 
b r i t t l e d ,  independently of the  s t r e s s .  
the a l loy  a re  re ta ined a t  the  l e v e l  of the  i n i t i a l  s t a t e .  

The s t rength  and p l a s t i c  proper t ies  of 

Summary 

1. The creep of a l loy  AT3 of the  six-component system Ti-Al-Cr-Fe-Si-B 
with 3 percent Al and 1.26 percent C (Cr, Fe, S i )  a t  350° w a s  invest igated.  
The t e s t s  lasted 5,000 h r s  f o r  creep s t r e s s e s  of 15, 30, 33 and 37 kg/mm2 and 

9,300-12,000 h r s  f o r  creep s t r e s s e s  of 45 and 50 kg/mm2. 
t e s t ing  conditions, a l loy  AT3 i s  characterized by a high creep s t rength .  

Under the  selected 

2 .  The creep r a t e  of a l loy  AT3 does not exceed 2 ~ l O - ~  percent/hr for a 

2 creep s t r e s s  of 37 kg/mm . 
under s t r e s ses  of 45 and 50 kg/mm2. Under these s t r e s s e s ,  it i s  respec t ive ly  

equal t o  0.5-10-4 and 1.6.10-4 percent lhr  a t  the s tage of s teady-state  creep. 

An increase i n  creep rate i s  observed i n  t e s t s  

3. The l i m i t i n g  s t r e s s  a t  350' a t  which the  r e s i d u a l  deformation a f t e r  

2 20,000 h r s  of t e s t s  corresponds t o  1 percent i s  equal t o  42 k g / m  . 
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STUDY OF TKE CIiEEp AND THEFMAL ST&3ILITY OF ALLOY AT4 AT 500' 

I. I. Kornilov, 0. N. Andreyev and B. M. Voshedchenko 

The authors s tudied the  creep and thermal s t a b i l i t y  of t i tanium a l l o y  AT4 
of t he  six-component system Ti-Al-Cr-Fe-Si-B a t  500' by using a standard method. 
The a l loy  w a s  melted under p l a n t  conditions i n  a vacuum a r c  furnace by double 
remelting. 

The following charging mater ia ls  were used i n  t h e  preparat ion of t he  a l loy :  

t i tanium a l loy  E O  with an u l t imate  s t rength  of 39-43 kg/mm2, technica l  s i l i c o n  
Kr, chromium X I ,  t echnica l  i ron ,  and a chromium-boron master a l l o y  (up t o  10 
percent B )  . 

The al loying elements were introduced i n t o  t h e  composition i n  t h e  form of a 
complex master a l loy .  

The chemical composition of a l l o y  AT (base T i )  was: 4.67 percent  Al, 0.86 

0.05 percent C, 0.024 percent  N2, and 0.007 percent  
percent C r ,  0.31 percent  Fe, 0.27 percent  S i ,  0.001 percent  B (ca lcu la ted) .  The 
content of impuri t ies  w a s :  

H2' 

The mechanical c h a r a c t e r i s t i c s  of a l loy  AT4 a t  room temperature were: 

forging (as-received condi t ion)  ab = 94 kg/mm2; us = 89 kg/mm2; 6 = 1-5 percent ;  

$ = 45 percent;  an = 6.5 kgm/cm2; after annealing for 30 min a t  8800 and cooling 

a f t e r  

i n  a i r ,  ob = 94.2 kg/mm 2 ; os = 89.4 kg/mm2; 6 = 15.1 percent;  $ = 45.3 percent;  

an = 6.4 kgm/cm 2 . 
The creep of a l l o y  AT4 a t  500° w a s  s tudied by a standard extension method 

on TSP-1 specimens with the  working p a r t  100 mm long and 10 mm i n  diameter a t  

s t r e s s e s  of 2.5 and 5 kg/mm2 during 1,000 hrs .  

For each stress, t h e  tests w e r e  car r ied  out  on two specimens simultaneously 
using IP-5 machines, and t h e  same creep values w e r e  thus  obtained. 
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Creep tests of AT4 a t  500' f o r  1,000 h r s  showed t h a t  a t  the  stress of 5 

kg/mm2 the  t o t a l  deformation w a s  0.5 percent,  and a t  the  s t r e s s  of 2.5 kg/mm2, 
it decreased t o  0.18 percent.  

The "deformation-time" creep curves of alloy AT4 a t  s t r e s s e s  of 5 and 2.5 

kg/mm2 are similar i n  charac te r  ( f i g .  1). 

The s tage of t r a n s i e n t  creep f o r  a stress of 2.3 kg/mm2 does not exceed 

2 A s  the s t r e s s  increases  t o  5 kg/mm , t he  s tage  of t r a n s i e n t  creep in- 650 hrs .  
creases t o  750 hrs.  

Thus, t h e  s tage of s teady-state  creep i n  t h e  first case begins after 650 
hrs  of t e s t s ,  and i n  the  second, after 750 hrs  and continues up t o  1,000 hrs. 
The tests a re  then terminated ( the  specimens are removed). 

Under the selected conditions of creep t e s t ing ,  the  t h i r d  s tage of accel- 
erated creep i s  absent. 

The t o t a l  deformation f o r  1,000 h r s  of t e s t s  rises with increasing creep 

s t r e s s  from 0.18 percent a t  2.5 kg/mm2 t o  0.5 percent a t  5 kg/mm2. 

The creep curves ( f i g .  1) enabled us t o  determine the  r a t e  of s teady-s ta te  
creep. 

The creep r a t e  a t  the s teady-state  s tage of creep increases  with r i s i n g  
creep stress. 

2 

s t a t e  creep are equal t o  an average of 0.3~10-~ and l.6*10-6 percent/hr.  

A t  s t r e s ses  of 2.5 and 5 kg/mm , t he  creep r a t e s  a t  the s tage of steady- 

Hence, f o r  a l loy  AT4, the  l imi t ing  s t r e s s  causing a creep r a t e  of 0.3-10- 6 

percent/hr a t  500° w i l l  be 2.5 kg/mm2. 

of a l loy  AT4 a t  500° and a stress of 2.5 kg/mm2. 

This ind ica tes  a high creep res i s tance  

c.  YC 

5uu 7x7 IUUO 
7 ,  h r  

Figure 1. Creep curves of a l loy  AT4 a t  500' f o r  1,000 hrs :  

1, 0 = 5 kg/mm2; 2, 0 = 2.5 kg/m 2 . 



The creep curves of t h e  t i tanium a l loys  ( f i g .  2a) were p lo t t ed  on t h e  basis 
of d a t a  obtained by I. I. KorniloV, V. S. Mikheyev, 0. N. Andreyev and P. S. 
Mayboroda.' 

a t  500° and a stress of 20 kg/mm2. 

The specimens w e r e  subjected t o  bending by t h e  cent r i fuga l  method 

The test  l a s t e d  100 hrs.  

A s  i s  evident  from t h i s  f igure ,  t he  creep of a l loys  of t h e  six-component 
system Ti-Al-Cr-Fe-Si-B, AT3, AT&, AT6 and  AT^ i s  considerably less than t h a t  
of t h e  invest igated t i t an ium a l loys ,  OT4, V T ~  and OT4-2. The creep curves of 
a l loys  OT4, VT5, VT5-1, V T ~  and AT4 are shown i n  f i g u r e  2b. The specimens w e r e  
subjected t o  extension by a standard technique, and t h e  t e s t i n g  conditions w e r e  
t h e  same as before. 

The d a t a  on t h e  creep rate obtained by the  bending method and t h e  standard 
extension method are i n  good mutual agreement. 

Thus, of a l l  the  a l loys  s tudied,  t h e  creep rate of a l l o y  AT4 i s  the  lowest. 

Alloy AT4, with a dens i ty  of 4.5 g/cm3, i s  very i n t e r e s t i n g  as a heat-  
r e s i s t a n t  t i tanium a l l o y  whose s t r eng th  i s  c lose  t o  t h a t  of m18~9!r steel and 
which can be used a t  working temperatures up t o  500'. 
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Figure 2. 

20 kg/mm2 f o r  100 hrs:  
(1, a l l o y  OT4; 2, a l l o y  AT1 without Al; 3, a l l o y  ~ 6 ;  4, a l l o y  (324-2; 
5 ,  a l loy  AT3; 6, a l l o y  AT&; 7, a l loy  m8); b, standard extension method 
(1, a l l o y  ~ 4 ;  2, a l l o y  V T ~ ;  3, a l loy  VT5-1; 4, a l l o y  V T ~ ;  5 ,  a l l o y  
AT4). 

Creep curves of t i tanium a l loys  a t  500° and a s t r e s s  of 

a, cen t r i fuga l  method of bending the  specimens 

'1. I. Kornilov, V. S. Mikheyev, 0. N. Andreyev and P. S. Mayboroda. Coll. 
Titanium and I t s  Alloys (Titan i yego splavy).  Izd-vo AN SSSR, NO. 10, p. 234, 
1963 
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A t  t h i s  temperature, a l l o y  AT4 has a higher short-t ime and long-time 
s t r eng th  than t i tanium a l loys  OT4, VT5, VT5-1, VT6 and OT4-2. 
alloy AT4 does not contain any c o s t l y  and scarce components. 

Furthermore, 

Alloy AT4 i s  deformable: it can be used t o  make var ious semifinished 
products, including p ipes ,  by means of hot and cold r o l l i n g .  
be used t o  make pipes  6-8 mm i n  dfameter with a w a l l  th ickness  of 0.3-0.6 mm 
from t h i s  a l loy.  
welding i s  used. 

Cold r o l l i n g  can 

Alloy AT4 welds s a t i s f a c t o r i l y  when argon a rc  and e l ec t ros l ag  

To determine the  thermal s t a b i l i t y  of a l l o y  AT4 i n  the  course of long-time 
creep t e s t i n g ,  t h e  mechanical proper t ies  were s tudied a t  room temperature after 
t h e  creep t e s t s .  

Standard rup tu re - t e s t  specimens LIM-1 ( length of working p a r t  36 mm and 
diameter 6 mm) were made from the working p a r t  of specimens t e s t e d  f o r  creep. 

The average mechanical c h a r a c t e r i s t i c s  of a l l o y  AT4 a t  20' after a 1,000 

h r  creep t e s t  were: 

9 = 44.9 percent.  

ab = 98.15 kg/mm2; us = 92.7 kg/mm2; S = 14.4 percent;  

I n  the  course of t h e  creep test ,  t he  mechanical p rope r t i e s  of a l l o y  AT4 
remain almost unchanged. The a l l o y  r e t a i n s  high p l a s t i c  cha rac t e r i s t i c s ,  and 
the  ul t imate  s t rength  and y i e ld  s t rength  increase t o  an i n s i g n i f i c a n t  ex ten t .  

These d a t a  show t h a t  a l l o y  AT4 under conditions of long t e s t i n g  (up t o  
1,000 h r s )  under stress a t  500' i s  a thermally s t a b l e  material which does not 
embr i t t l e ;  t h i s  i s  an important performance cha rac t e r i s t i c .  

I n  addi t ion t o  t h e  mechanical proper t ies  of a l loy  AT4, i t s  microstruc- 
t u re  and hardness were invest igated before and a f t e r  t h e  creep t e s t s .  

Etching w a s  done i n  a reagent cons is t ing  of 1 p t .  hydrofluoric  acid,  1 p t .  
n i t r i c  acid and 2 p t s .  g lycer in .  I n  order  t o  prevent a s t rong oxidat ion of 
t h e  surface of t he  polished sec t ion ,  t he  specimens a f t e r  being etched were 
f irst  washed with a so lu t ion  of soda and then wi th  water. 

Let us  examine the  microstructures  of a l l o y  AT4 after forging, after an- 
nealing for 30 min a t  880° and cooling i n  air, and a f t e r  creep-test ing f o r  1,000 
hrs ( f ig .  3).  
under the  indicated conditions,  a l l o y  AT4 had t h e  s t r u c t u r e  of t h e  a1 phase of 
mar tens i t ic  type. 

I n  the  s t a t e  a f t e r  forging and i n  the  state a f t e r  annealing 

After  1,000 h r s  of creep tests a t  500' and a s t r e s s  of 5 kg/mm2, the  s t ruc-  
t u r e  of t he  a l loy  approaches the  equilibrium state; t h e  a' phase disappears,  and 
t h e  a l loy  has the  s t ruc tu re  of the  a-phase with a s l i g h t  content of transformed 
&phase. The hardness of a l l o y  AT4 i s  almost t h e  same as i n  t h e  i n i t i a l  state. 



Figure 3. Microstructure of 
a l l o y  AT4, x 340: a, i n  forged 
state; b, after annealing for 
30 min at 880° and cooling i n  
air; c, after 1,000 h r s  a t  500° 

2 and cr = 5 k g / m  . 

Thus, t he  s tud ies  showed t h a t  of t h e  a l loys  s tudied,  t h e  creep rate i s  
lowest i n  a l l o y   AT^ a t  5 0 0 ~ .  
hea t - r e s i s t an t  t i tanium a l loy  which can be used a t  working temperatures up t o  

I n  i t s  proper t ies ,   AT^ i s  of grea t  i n t e r e s t  as a 

5 0 0 ~ .  

Summary 

1. I n  t h i s  work, s tud ie s  of t h e  creep and thermal s t a b i l i t y  of t i tanium 
a l l o y  AT4 were car r ied  out f o r  t he  f irst  t i m e  by using tests l a s t i n g  1,000 h r s .  

I n  a l loy  AT4 the  creep i s  considerably lower than i n  a l loys  OT4, OT4-2 
(of t he  system Ti-Al-Mn), a l l o y  V"5-l (of t he  system Ti-Al-Sn) and a l l o y  V T ~  (of 
t h e  system T i - A l - V ) .  

2. 

3. 

and 5 kg/mm 

4. 

The res idua l  elongation a f t e r  1,000 h r s  of t e s t i n g  a t  stresses of 2.5 

2 i s  respec t ive ly  equal t o  0.18 and 0.3 percent.  

The l imi t ing  stress causing a creep rate of 0.3~10-~ percent /hr  a t  300° 

i s  2.5 kg/m2. 
given conditions.  

This i nd ica t e s  a high creep r e s i s t ance  of a l l o y  AT4 under t h e  
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5. Under long-duration t e s t i n g  conditions a t  500' (up t o  1,000 h r s )  under 
stress, a l loy  AT4 i s  thermally stable and does not e m b r i t t l e .  

6. Alloy AT4 can be used t o  prepare various semifinished products including 
pipes by hot and cold r o l l i n g .  
i n  diameter with a w a l l  th ickness  of 0.3-0.8 mm. 

Cold r o l l i n g  can be used t o  prepare pipes  6-8 mm 

7. Alloy AT4 welds s a t i s f a c t o r i l y  when argon a r c  and e l ec t ros l ag  welding 
i s  used, and does not contain any cos t ly  or scarce al loying elements. 

8. Alloy AT4 can be successfu l ly  used t o  make p a r t s  operating a t  terapera- 
t u r e s  up t o  5 0 0 ~ .  
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DETEFMINATION OF THE RELAXATION RESISTANCE OF ALLOY AT3 

L. P. Nik i t ina  

The re laxa t ion  of stresses associated wi th  t h e  transformation of e l a s t i c  
i n t o  p l a s t i c  deformation, t h e  dimensions of t h e  p a r t  being constant,  i s  fre- 
quently encountered i n  engineering prac t ice .  For t h i s  reason, a character iza-  
t i o n  of t he  re laxa t ion  of an a l l o y  i s  required i n  various cases.  It i s  neces- 
sa ry  when an a l l o y  i s  t o  be used f o r  re inforcing p a r t s ,  for determining t h e  
durat ion of t he  e f f e c t  of undesirable  i n t e r n a l  s t r e s s e s  i n  t h e  m e t a l  produced 
during t h e  assembly or during welding, i n  t h e  choice of a su i t ab le  mode of 
heating t o  r e l i eve  t h e  i n t e r n a l  s t r e s s e s  i n  t h e  p a r t  and o ther  cases.  

We know of f e w  s tud ie s  on stress re laxa t ion  i n  t i tanium a l loys  (ref. 1 and 
o thers ) .  For t h i s  reason, i n  order  t o  determine the  re laxa t ion  r e s i s t ance  of 
a l l o y  AT3, r e l a t i v e l y  labor-consuming t e s t s  were required over a wide range of 
temperatures and s t r e s s e s .  

Testing Method 

The re laxa t ion  tests were car r ied  out on I. A. Oding's r ing  specimens 
(ref. 2) made of bars of equal bending s t rength .  
f o r  re laxa t ion  a t  each temperature spec i f i e s  a drop i n  stress wi th  time from 
two, t h ree  and f o u r  l e v e l s  of i n i t i a l  s t r e s s .  
chosen equal i n  absolute  value f o r  all the  temperatures studied, and t h i s  p laces  
the  specimens under d i s s i m i l a r  t e s t i n g  conditions a t  t h e  lowest and h ighes t  t e m -  
pera ture  if i n  t h e  range under consideration t h e  temperature has an appreciable 
e f f e c t  on t h e  short-t ime mechanical proper t ies .  Over a w i d e r  temperature range, 
t he  loading t o  equal s t r e s s e s  becomes completely impossible, so t h a t  one should 
not use t h e  genera l ly  adopted methods of comparing t h e  re laxa t ion  r e s i s t ance  a t  
various temperatures on t h e  basis of a dropof stress from the  same a. values f o r  

The standard method of t e s t i n g  

The i n i t i a l  stresses are usua l ly  

an equal t e s t i n g  t i m e .  

To el iminate  the  shortcomings of t h e  method of re laxa t ion  tests, w e  adopted 
i n i t i a l  re laxa t ion  condi t ions such t h a t  a t  any t e s t i n g  temperature t h e  i n i t i a l  
stress amounted t o  a spec i f ied  f r a c t i o n  of t he  y i e ld  s t r eng th  a t  t h e  given 
temperature. 
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Thus, f o r  a l l o y  AT3, w e  selected three s t r e s s  l eve l s :  0.375, 0.50 and 0.75 

of ot ( the coef f ic ien ts  were respect ively b l  = 0.375, b2 = 0.50, and 0.2 

The determination of s t r e s s  re laxa t ion  i n  t i m e  w a s  made on the  basis of 
the  r e l a t i v e  value of the  r e s i d u a l  stress uT/oo and oT/oo.2, i n  addi t ion t o  the  

usual "absolute" value of the  res idua l  stress aT. 

This method of determining stress re laxa t ion  permitted c e r t a i n  generaliza- 
t i ons  of the  process of s t r e s s  re laxat ion.  

The re laxa t ion  t e s t s  were carr ied out i n  the temperature range of 350-650O 
every 50°. 

Materials Used 

The r ing  specimens used i n  the  re laxa t ion  tests were made from forged 
The forged piece w a s  f i rs t  annealed i n  a i r  a t  900' pieces 70 mm i n  diameter. 

f o r  1 hr .  The ax is  of t he  cy l ind r i ca l  p a r t  of the  specimens coLncided with 
the axis  of the forged piece.  
longi tudinal  specimens are shown i n  the table. 
of the modulus of e l a s t i c i t y  a t  high temperatures (from the c e r t i f i c a t e  data of 
a l loy   AT^). 

The mechanical cha rac t e r i s t i c s  of a l loy  AT3 f o r  
The l a t t e r  a l s o  ind ica tes  value: 

MECHANICAL PROPERTIES OF FORGINGS FROM &LOY AT3 
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The r e s u l t s  of re laxa t ion  tests made it poss ib le  t o  examine the change of ' 

the  i n i t i a l  s t r e s s  and the buildup of p l a s t i c  deformation i n , t h e  course of 
re laxat ion.  
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The dependence between the res idua l  s t r e s s  on the value of t he  i n i t i a l  
s t r e s s  i s  shown graphically.  
aT-a0, c i ted  i n  many re laxa t ion  s tudies ,  with the exception t h a t  both quan t i t i e s  

The f i rs t  graph ( f ig .  1) i s  a usual graph of 

This graph shows t h a t  the higher t h e  i n i t i a l  s t r e s s ,  the 
0.2' a r e  d iv ided  by a 

higher i s  the res idua l  s t r e s s  f o r  a specif ied relaxat ion t i m e .  

If the re la t ive res idua l  stress u,/oo i s  determined ( f i g .  2 ) ,  it i s  appar- 

ent  t h a t  the higher the i n i t i a l  stress, the faster i s  the re laxa t ion  process,  
i .e., the  smaller i s  the  r e l a t i v e  value of aT/ao f o r  the  same t e s t i n g  time. 

cepts according t o  which the  re laxa t ion  and creep processes i n  metals a re  of the  
same nature.  

These experimental r e s u l t s  a re  i n  complete agreement with the  general  con- 

To analyze the s t r e s ses  i n  t he  course of re laxat ion,  t he  primary "stress- 
log time" relaxat ion curves were p lo t ted  i n  three forms: 

a. 

b. 

Absolute s t r e s s  aT i n  kg/mm2--time i n  hours a t  t = const;  

Relative s t r e s s  oT/oo i n  percent--time i n  hours, i.e., f r a c t i o n  of 

stress retained a t  t = const and i n  i n i t i a l  stress of a. = b 

a b C 

42 4375 450 g75 QZ 037.5 a.50 475 6375 as0 475 
6,/6,t,  

Figure 1. 

stress uT (both quan t i t i e s  divided by o ; .~ ) :  

b y  100 hrs ;  c ,  1,000 hrs .  

Ef fec t  of the  i n i t i a l  s t r e s s  a. on the residual  

a, 1 hr;  



c. Relat ive stress a7/ah.2 i n  percent--time i n  hours, i .e. ,  f r a c t i o n  of 

stress r e t a ined  r e l a t i v e  t o  value of y i e l d  s t r e n g t h  at 

spec i f i ed  value of t he  i n i t i a l  stress bo = b*a0.2. 

a t  t = const and a 0.2 

A s  an example, w e  c i t e  t h e  primary r e l axa t ion  curves i n  t h e  coordinates 
" r e l a t i v e  r e s idua l  stress-time" f o r  values of i n i t i a l  stress a t  b = 0.5 and 
b = 0.75 ( f ig .  3 ) .  

I n  our  view, t h i s  is  t h e  most convenient form of representing primary 
curves. Such primary curves make it poss ib l e  t o  evaluate  t h e  rate of t h e  re- 
l axa t ion  process a t  various temperatures. 

On the  basis  of t h e  primary curves f o r  a l l  t h r e e  l e v e l s  of i n i t i a l  stress 
(bl = 0.375; b2 = 0.5;  b3 = 0.75), t h e  t i m e  necessary f o r  reaching a prede- 

termined l e v e l  of stress re l axa t ion  w a s  determined: CT = 0.8 ao; uT = 0.5 ao; T 

UT = 0. 

The temperature dependence of t h e  r e l axa t ion  t i m e  up t o  t h e  spec i f i ed  l e v e l  
of r e l a t i v e  stress i s  p l o t t e d  i n  t h e  coordinates I n  T -1/T ( f i g .  4 ) .  This graph 

shows t h a t  t h e  following exponential  r e l a t i o n  exists between the  r e l axa t ion  t i m e  
and t h e  temperature: 

(5 

a C 

Figure 2. 

the r e l a t i v e  r e s idua l  stress a t  T = const: a, 1 hr ;  b y  

100 hrs;  c, 1,000 hrs .  

E f fec t  of i n i t i a l  stress a /at on the  value of 
0 0.2 

% 
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Figure 3. Primary re laxa t ion  curves i n  the  
coordinates " r e l a t ive  res idua l  s t ress- t ime" 

where T~ i s  the  t i m e  during which t h e  given stress i s  reached; T i s  the  tempera- 

t u re ,  OK; the  a c t i v a t i o n  energy of t he  process;  R i s  t h e  gas constant;  

is a constant. 
0 0 )  
A 

= 75*103 cal/mole w a s  calculated from the  ex- o(1)  The ac t iva t ion  energy u 

perimental  data;  it charac te r izes  t h e  I.esistance of a l l o y  AT3 t o  t h e  stress drop 
a t  high temperature. Without the  values of t h e  ac t iva t ion  energy of t he  creep 
process o r  t h e  ac t iva t ion  energy of t h e  process of s e l f -d i f fus ion  of a l l o y  AT3 
o r  o the r  t i tanium a l loys ,  it i s  d i f f i c u l t  t o  r e a l i z e  the  meaning of the value 
obtained. However, t he  accumulation of s i m i l a r  da t a  f o r  a number of materials 
w i l l  obviously permit a more extensive study of re laxa t ion  processes i n  the  
fu ture .  
t h e  temperature and annealing t i m e  i n  t he  case of relief of undesirable i n t e r n a l  
s t r e s ses ,  o r  i n  evaluat ing t h e  re laxa t ion  res i s tance  of a l l o y  AT3 a t  various 
working temperatures. 

I n  p rac t i ce ,  t h e  graph shown i n  f igu re  4 i s  very usefu l  i n  s e l ec t ing  
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L e t  us note  t h a t  t he  ana lys i s  of t he  temperature dependence of the  res idua l  
s t r e s s  i t s e l f ,  not of t h e  re laxa t ion  t i m e ,  has not thus fa r  permitted t h e  es- 
tablishment of a simple a n a l y t i c a l  r e l a t ionsh ip  between the  re laxa t ion  stress 
and the  temperature on the  standard o r  logarithmic sca le  e i t h e r .  

An analysis  of the  p l a s t i c  deformation w a s  car r ied  out  on t h e  bas i s  of 
measurements of t h e  r ing  specimens, s ince  t h e  re laxa t ion  s t r a i n  ere1 = 0.0583 

Arel percent,  where Arel i s  the  increase i n  the  d is tance  i n  mm 

marks of the  r ing specimen. 

between the  
. .  

These da ta  are shown as an example f o r  a. = 0.75 
L 

oL i n  t he  form of primary "deformation-time" curves ( f i g .  3 ) .  An ana lys is  of 
0.2 

t h e  re laxat ion s t r a i n  made it poss ib le  t o  e s t a b l i s h  c e r t a i n  r e g u l a r i t i e s  of t he  
process.  Thus, an exponential  r e l a t i o n  w a s  es tab l i shed  between the  t i m e  neces- 
sa ry  f o r  a specif ied value of s t r a i n  7rel t o  be reached and the  temperature 
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I n  addi t ion  t o  the  ana lys i s  of t o t a l  re laxa t ion  s t r a i n  based on the primary 
curves e re l -~ ,  the  minimum deformation rates (or rates close t o  t h e  minimum ones) 

were determined. 

stress (kg/mm2) a re  r e l a t ed  exponent ia l ly;  t h i s  r e l a t i o n  i s  similar t o  the  one 
f o r  t he  creep process when u = const i n  the  course of each experiment. 

It w a s  found t h a t  vmin and the  i n i t i a l  absolute  re laxa t ion  

A temperature ana lys i s  of t he  minimum rate of re laxa t ion  deformation made 
it poss ib le  t o  e s t a b l i s h  an exponential  r e l a t i o n  between vmin, t, and the  ac- 

t i v a t i o n  energy of t h i s  process u = 30.5-103 cal/mole: o(3)  

_ _  - 
500 1000 1500 2000 
durat ion of t e s t ,  hr 

a 

0 
4-1 
a, a 

durat ion of test ,  h r  
b 

Figure 5. Increase  i n  p l a s t i c  deformation wi th  t i m e  a t  
various r e l axa t ion  temperatures (primary curves of relax- 

a t i o n  deformation): 

450'; 3, 30 kg/mm2, 400°; 4, 30 kg/mm2, 350°. 

1, 22.5 kg/mm2, 500°; 2, 30 kg/mm2, 
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Thus, t he  ana lys i s  of p l a s t i c  re laxa t ion  deformation re inforces  s t i l l  more 
the  idea  of an unquestionable r e l a t i o n  between t h i s  process and the  process of 
creep, and br ings us  c l o s e r  t o  a poss ib le  rec iproca l  evaluat ion of both 
processes.  

c 

Conclusion 

Testing of a l l o y  AT3 f o r  re laxa t ion  i n  t h e  temperature range of 350-630° 
makes it poss ib le  t o  regard t h i s  a l l o y  as being re laxa t ion- res i s tan t  i n  t h e  
temperature range up t o  boo0. 
stress can be expected af ter  a long period of t i m e  measured i n  hundreds of 
thousands of hours (see f i g .  4). 

A drop i n  stress t o  80-60 percent of the  i n i t i a l  

The durat ion of such re laxa t ion  i s  determined not only by the  temperature, 
the  more rapid the  but also by the  value of t h e  i n i t i a l  stress: the  higher  u 

re laxa t ion  process, although the  absolute  value of t h e  remaining stress may be 
even hlgher. Technological tempering t o  r e l i eve  undesirable i n t e r n a l  stresses 
i s  advisable a t  temperatures of 600-650~.  
durat ion of tempering of a c t u a l  a r t i c l e s ,  it should be kept i n  mind t h a t  volume 
stresses are  re l ieved under somewhat more d r a s t i c  conditions than those which 
w e  s tudied and which involved a p lanar  stress condition of t he  ring specimens. 

0' 

I n  se l ec t ing  the  temperature and 

The method which w e  used f o r  s e l ec t ing  i n i t i a l  stresses amounting t o  some 
f r a c t i o n  of the  y i e ld  s t r eng th  a t  each t e s t i n g  temperature is  q u i t e  e f f i c i e n t .  
It enabled us  t o  obta in  comparatively extensive d a t a  f o r  t he  minimum quant i ty  
of t e s t ed  specimens and t o  e s t a b l i s h  a series of new re la t ionships  i n  t h e  
process of re laxa t ion  i n  a l l o y  AT3 which w i l l  undoubtedly prove va l id  f o r  o the r  
m e t a l s  as w e l l .  The first checks of t h i s  method on p e a r l i t i c  s t e e l  have con- 
firmed t h i s  assumption. 

1. Allsop, R. T. A i rc ra f t  Production, V o l .  20, No. 1, 1958. 

2. w ing ,  I. A. Trudy T s N I I W h  (Proceedings of t he  Central  S c i e n t i f i c  
Research I n s t i t u t e  of Technology and Machinery), Bk. 23, Mashgiz, 1949. 
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CliEEp OF ALLOYS OF THE QUATERNARY SYSTEM Ti-Zr-Al-Sn AT 750° 

I. I. Kornilov, T. T. Nartova and M. M. Savel'yeva 

Metal l ic  compounds of t i t an ium and a l loys  based on them are of g r e a t  
importance f o r  t h e  development of new hea t - r e s i s t an t  a l loys  (refs. 1-3). 
the various me ta l l i c  compounds of t i tanium, those with aluminum and t i n  as 
w e l l  as so l id  so lu t ions  based on them are of considerable i n t e r e s t  as subjec ts  
of inves t iga t ions .  

Of 

The present  work i s  devoted t o  a study of the  creep of a l loys  of t h e  
quaternary system Ti-Zr-Al-Sn along t h e  sec t ion  extending from pure zirconium 
t o  a l loy  compositions corresponding t o  the  quasi- ternary system T i  Al-Zr-Ti  Sn 

( f ig .  1). 
3 3 

The a l loys  were prepared by a rc  melting i n  a furnace with a nonconsumable 
tungsten e lec t rode  i n  a n  argon atmosphere. Titanium sponge TGOO with an ul- 

t imate s t rength  of 36 kg/m , iodide zirconium of 99.9 percent  pu r i ty ,  aluminum 
AVO00 and t i n  of 99.9 percent  p u r i t y  were used i n  t h e  preparatzon of t h e  a l loys .  
The a l loys  were annealed f o r  30 minutes a t  8500. 

2 

To determine the  creep res i s tance  as  a funct ion of t h e  composition, phase 
s t ruc tu re  and temperature, t he  a l loys  were t e s t ed  by the  cen t r i fuga l  bending 
method. On the  bas i s  of t he  da t a  obtained, p l o t s  w e r e  made of the  creep curves 

T i  

Sn 

Figure 1. Section T i  Al-Zr-Ti  Sn of 

quaternary system T i -  Zr -  Al- Sn. 

3 3 



and diagrams of t h e  composition versus t h e  t i m e  necessary t o  reach a given bend- 
ing de f l ec t ion  f o r  t h e  a l l o y s  studied, which comprise t h e  quasi- ternary system 
T i  A l - Z r - T i  Sn. 3 3 

Data on the  creep o f  a l l o y s  i n  the  t e rna ry  system Ti-Zr-Sn along t h e  sec- 
t i o n  Ti,Sn-Zr are c i t e d  I n  reference 5. 

3 

The high-temperature s t r eng th  of 
along t h e  sec t ion  passing through the  

pounds T i  Al and T i  Sn was  studied a t  

with a t o t a l  t e s t i n g  t ime'of 400 h r s  
3 3 

a l loys  of t h e  t e r n a r y  system Ti-Al-Sn 
compositions of t h e  i n t e r m e t a l l i c  com- 

700-750° and a stress o f  15-25 kg/mm2 

ref. 4).  

We studied t h e  creep r e s i s t ance  o f  t he  alloys of t h e  t e r n a r y  system 

T i - A l - Z r  along' t he  sec t ion  T i  Al-Zr a t  750' and a stress of 15 kg/mm2. 

test  l a s t e d  1,000 hrs .  

The 3 

The creep curves of a l l o y s  of t he  sec t ion  T i  A l - Z r  ( f i g .  2) show t h a t  s m a l l  
3 

addi t ions of zirconium (1-5 percent) t o  the  compound T i  Al have no appreciable 

e f f ec t  on the  heat-resis tance p rope r t i e s  of t h i s  compound. Alloys from the  
region of zirconium concentration up t o  5 percent  r e t a i n  a high degree of hea t  
res is tance,  a n d ' a f t e r  1,000 h r s  of t e s t i n g  a t  750°, t he  bending de f l ec t ion  of 
t h e  specimens i s  10-12 mm. A s  t h e  zirconium content rises f u r t h e r ,  t he  creep 
rate of the  alloy increases.  Alloys containing over 20 percent  Z r  are not 
oxidat ion-resis tant  a t  t h e  t e s t i n g  temperature of 750° and are the re fo re  of no 
i n t e r e s t .  

3 

On t h e  basis of t h e  creep curves of a l loys  of t h e  sec t ion  T i  A l - Z r ,  a 3 
diagram of the  composition versus t h e  t i m e  necessary t o  reach bending def lec-  
t i o n s  of 3 and 5 mm w a s  p l o t t e d  ( f ig .  3) .  A s  i s  evident  from t h e  f igu re ,  a l l o y s  
containing 2-5 percent Z r  are the  most hea t - r e s i s t an t .  As  t h e  zirconium content 
increases  fu r the r ,  t he  high-temperature s t r eng th  of t h e  a l l o y s  decreases, which 
may be due t o  a faster drop i n  the  temperature of t h e  polymorphic transformation. 

L i t e r a t u r e  d a t a  ( r e f s .  4 and 5 )  and r e s u l t s  of a study of t he  high- 
temperature.strength of a l l o y s  along the  sec t ion  T i  A l - Z r  have l ed  t o  t h e  assump- 

t i o n  t h a t  t he  most h e a t - r e s i s t a n t  a l l o y s  of t he  quaternary system Ti-Zr-Al-Sn 
-along the  sec t ion  T i  Al-Zr-Ti Sn should be expected i n  t h e  region of composi- 

t i o n s  adjacent t o  t h e  s i d e  of t.he sec t ion  T i  Al-Ti Sn. 

3 

3 3 

3 3 
I n  t h i s  connection, a study w a s  made of t he  high-temperature s t r eng th  of 

a l loys  of t h e  quasi-ternary system T i  Al-Zr-Ti Sn along two cross  sect ions 3 3 
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durat ion of deformation, h r  

Figure 2. Bending de f l ec t ion  versus durat ion o f  deformation 

of a l l o y s  of t h e  sec t ion  Ti3Al-Zr a t  750° and u = 15 kg/mm2: 

1, T i  Al; 2, T i  A l  + 1 percent Z r ;  3, T i  Al + 2 percent Z r ;  

4, T i  Al + 5 percent Zr; 5 ,  T i  A l  + 8 percent Z r ;  6, T i  Al + 
3 3 3 

3 3 3 
20 percent Zr. 

c, .A 
M 

U 2 4 6 B fU 12 14 16 18 ZU 

Z r ,  w t  percent 

Figure 3. T ime  required t o  reach a given bending 
def lect ion versus zirconium content of a l loys  of 

t he  s e c t i o n ' T i  A l - Z r  a t  750' and u = 15 kg/m 2 . 
3 

p a r a l l e l  t o  t h e  s i d e  of T i  Al-Ti Sn a t  a constant zirconium content of 1 and 5 

percent.  
t i o n  of the t e s t  w a s  500 hrs .  

3 3 
The tes t  w a s  ca r r i ed  out a t  750' and a stress of 1-5 kg/m2. The dura- 

L e t  us examine the  "composition--high-temperature s t rength" diagram of 
a l loys  of t h e  cross  sec t ions  p a r a l l e l  t o  t h e  s i d e  of T i  Al -Ti  Sn with a constant 

zirconium content of  1 and 5 percent ( f i g .  4). 
3 3 
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Sn 
w t  percent  

Figure 4. Time required t o  reach a given bending 
def lec t ion  versus composition of a l loys  of t h e  sys- 
t e m  T i  Al-Zr-Ti Sn with a constant zirconium con- 

t e n t  of 1 and 5 percent  a t  750' and 0 = 15 kg/mm2: 
1 and 2, 5 percent Zr ;  3 and 4, 1 percent  Z r .  

3 3 

The curves represent ing t h e  time necessary t o  reach a given bending def lec-  
t i o n  versus a l l o y  composition with a constant content of 1 and 5 percent  Z r  are 
analogous t o  t h e  corresponding curves of a l loys  of t h e  sec t ion  T i  Al-Ti Sn (ref. 

4), t he  high-temperature s t rength  of a l loys  wi th  5 percent  Z r  being somewhat 
higher than t h a t  of  a l loys  wi th  1 percent Z r .  

3 3 

The broad maximum of high-temperature s t r eng th  on the  diagram covers a 
region of a l loy  compositions containing 40-60 percent T i  Sn and 60-40 percent  

T i  Al. 3 

3 

The t i m e  necessary t o  reach a bending de f l ec t ion  of 8 mm under t e s t i n g  

conditions of 750' and a stress of 15 kg/m 2 f o r  a l loys  of the  sec t ions  wi th  1 
and 5 percent Zr i n  t h i s  region of compositions amounts t o  100-200 hrs ;  a bend- 
ing de f l ec t ion  of 10 mm i s  not reached i n  a l loys  with 5 percent  Z r  after 500 
hrs  of t e s t ing .  

An a l loy  of optimum composition based on a s o l i d  so lu t ion  of t h e  compound 
T i  Al with zirconium and t i n  w a s  chosen from t h e  inves t iga ted  quaternary a l loys  

of t he  quasi-ternary system T i  Al-Zr-Ti Sn, taking i n t o  account t he  p l a s t i c i t y  

and technological proper t ies .  This a l loy  w a s  t he  base f o r  addi t iona l  a l loy ing  
wi th  vanadium, niobium, molybdenum f o r  t h e  purpose of increasing the  technolog- 
i c a l  p l a s t i c i t y .  

3 

3 3 



W e  i l l u s t r a t e  t he  creep curves based on bending a t  750' after t e s t i n g  f o r  
1,000 h r s  t he  quaternary a l l o y  based on the  compound T i  Al with zirconium and 

t i n  and a l so  a l loys  containing vanadium and niobium ( f ig .  5 ) .  
with 0.5 and 1 percent Mo are not i l l u s t r a t e d ,  s ince  they are the  same as the  
curves with 1.5 and 2 percent  Nb. 

3 
The creep curves 

A comparison of t h e  r e s u l t s  obtained shows t h a t  vanadium, niobium, and 
molybdenum raise the  high-temperature res i s tance  of t he  quaternary so l id  solu- 
t i o n  based on the  compound T i  Al, and t h a t  molybdenum and niobium do so t o  a 

much g rea t e r  ex ten t  than vanadium. 
and molybdenum differ more from t i tanium i n  t h e i r  me ta l l i c  and chemical proper- 
t ies than does vanadium. 

3 
This i s  explained by the  f a c t  t h a t  niobium 

The curves represent ing the  t i m e  necessary t o  reach a given bending de- 
f l e c t i o n  of the  a l loys  versus the  content of vanadium and niobium ( f ig .  6) 
ind ica t e  t h a t  addi t ions of up t o  0.5 percent V t o  the  quaternary a l l o y  raise i ts  
high-temperature s t rength .  This a l loy  i s  located i n  t h e  single-phase region of 
the  so l id  so lu t ion  based on the  compound T i  Al. I n  t h e  a l loys  with 1 and 1.5 

percent  V, t he re  i s  observed a s l i g h t  decrease i n  high-temperature s t rength  as 
a r e s u l t  of the  appearance of t he  two-phase a + !3 s t ruc tu re .  

3 

The e f f e c t  of niobium on the  a l l o y  based on the  s o l i d  so lu t ion  of t he  com- 
pound T i  Al with zirconium and t i n  i s  analogous t o  t h e  e f f e c t  of vanadium. 3 

Figure 5. Bending de f l ec t ion  versus r e l a t i o n  
of deformation of T i  Al-base al loys,  containing 

vanadium and niobium a t  750' and u = 15 kg/m2. 

3 

I - TirAl 4- Sn; 2 - T1.Al-I- Zr + Sn + 0.5% V; 3 - T1.M + Zr + . + Sn+ i% V; 4 -  Ti. A l + Z r +  S n +  2% V; 6 -  TlrAl+ Zr + S n +  i% 
Nb; 6-TTltAl+Zr+Sn-t -1 .5% Nb; 7 - T h A I + Z r + S n + 2 %  Nb; 

8 - TLA1 + Zr + Sn + 3% Nb 
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Figure 6. 

I I l l L l  ~ _ _  
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V; N 5 ,  w t  percent 
T ime  required t o  reach a bending 

de f l ec t ion  of 8 mm -versus composition 
T i  Al-base a l loys  containing vanadium 

niobium, a t  750° and cf = 15 kg/m . 2 
3 

of 
and 

Within the  l i m i t s  of i t s  s o l u b i l i t y  i n  t h e  compound T i  Al (up t o  2.0 percent) ,  

niobium gradual ly  increases  i t s  high-temperature s t rength .  The lowest s t r eng th  
i s  displayed by t h e  a l l o y  with 3 percent Nb with  a two-phase a + B s t ruc tu re .  
A decrease i n  the  s t r e n g t h  of t he  a l l o y s  wi th  molybdenum i s  observed at a con- 
t e n t  as low as -1 percent  Mo, which is  due t o  t h e  appearance of the  B phase i n  
the  s t r u c t u r e  of the  a l loys .  

3 

Such a character  of t h e  influence of vanadium, niobium, and molybdenum on 
the  change i n  t h e  high-temperature s t r eng th  i n  the  s o l i d  so lu t ions  of t h e  com- 
pound T i  Al corresponds t o  t h e  r e g u l a r i t i e s  manifested by t h e  influence of these  

elements on the  high-temperature s t r eng th  of t i tanium, as w a s  es tabl ished earlier 
i n  references 6 and 7. 

3 

On t h e  basis o f  d a t a  of microstructural  ana lys i s  and a study of t h e  high- 
temperature s t rength,  it w a s  shown t h a t  a l loying elements (vanadium, niobium, 
molybdenum) raise the  high-temperature s t r eng th  of a l loys  based on t h e  compound 
Ti3Al within the l i m i t s  of  t h e i r  s o l u b i l i t y  i n  t h i s  i n t e r m e t a l l i c  compound. 

Thus, the.above study makes it possible  t o  s e l e c t  optimum compositions of 
hea t - r e s i s t an t  a l loys  on the  basis of the  invest igated system for working t e m -  
peratures  of 700-750° 
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STUDY OF THE MECEDYNICAL PROPERTIES OF TITANIUM ALLOYS 
AT3, AT4,  AT^ AND  AT^ I N  RELATION TO TEE TESTING TEMPERATURE 

V. S. Mikheyev 

Alloys AT3, AT&, AT6 and  AT^ were developed on the  b a s i s  of the  d a t a  ob- 
t a i n e d  from a study of phase diagrams of a p a r t  of t h e  six-component system 
Ti-Al-Cr-Fe-Si-B (ref. 1) and diagrams of t he  mechanical and physical  p rope r t i e s  
of t he  a l loys  (ref. 2). The basic  proper t ies  of the  a l loys  a re  given i n  ref- 
erence 3. Alloys AT contain d i f f e r e n t  amounts of aluminum: 3 percent  ( a l loy  
AT3), 4.5 percent ( a l l o y  AT4),  6 percent ( a l loy  AT6) and 7.5 percent ( a l loy  
m8). The composition of each a l l o y  includes chromium, i ron ,  s i l i c o n  and boron. 
The t o t a l  amount of these  elements i s  1-1.6 percent .  
t he  a l loys  i n  the  amount of 0.01 percent.  C e r t i f i c a t e s  have been issued for 
a l loys  A33, AT4 and  AT^. 

Boron i s  introduced i n t o  

The present  work i s  devoted t o  a study of the  mechanical proper t ies  of 
i n d u s t r i a l  melts of a l loys  AT a t  a t e s t i n g  temperature from 20 t o  800-1000°. 

Rods measuring 14 x 14  mm prepared by forging w e r e  annealed f o r  30 min a t  
730' and cooled i n  a i r .  
were prepared from these  rods by cold working. 

Standard specimens 'j mm i n  diameter and 25 mm long 

The mechanical p rope r t i e s  of each a l loy  w e r e  s tudied on 2-3 p a r a l l e l  speci-  
m e n s  of 4-5 m e l t s .  

The content of a l loy ing  elements (chromium, i ron,  s i l i c o n )  of these  a l loys  
meets the  c e r t i f i c a t e  da ta ;  i n  a l loys  AT4 ( a l loy  1) and AT8 ( a l loy  1) the re  i s  
a higher  sum of chromium, i ron,  and s i l i c o n  (1.81 and 1.98 percent  respect ively;  
see t a b l e ) .  

Alloys of t he  optimum composition are  nonequilibrium a so l id  so lu t ions  wi th  
a s l i g h t  content of the  f3 phase. Results of an inves t iga t ion  of the  mechanical 
proper t ies  of t he  a l loys  a t  temperatures up t o  '800-1000° are shown i n  the  f igure .  
The l a t t e r  a l so  i l l u s t r a t e s  curves representing the  change i n  the mechanical 
cha rac t e r i s t i c s  of iodide and magnesiothermic t i tanium. I n  highly d u c t i l e  iodide 
t i tanium, as the  t e s t i n g  temperature rises t o  800°, t h e  ul t imate  s t r eng th  de- 
creases approximately from 25 t o  1.5 kg/mm2. The u l t imate  s t rength  of t i t an ium 
decl ines  more abrupt ly  a s  the t e s t i n g  temperature i s  ra i sed  t o  200°, and from 
500 t o  800'; it changes i n s i g n i f i c a n t l y  i n  the  temperature range from 2OO-5OOO. 
I n  magnesiothermic t i tanium TG1, i n  which the content of impuri t ies  (0.06-0.10 
percent Fe; 0.02-0.03 percent  N i ;  0.03-0.05 percent Mg; 0.53-0.05 percent Si ;  
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CHEMICAL COMPOSITION OF TITANIW U O Y S  AT ( I N  w t  PERCENT). 
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0.04-0.06 percent C; 0.02-0.06 percent N; 0.005-0.008 percent H2; 0.15-0.25 

percent 02) and t h a t  of o the r  elements i s  5-7 t i m e s  g rea t e r  than t h e i r  content 

i n  iodide t i tanium, the  ul t imate  s t rength ,  equal t o  50-60 kg/mn 2 , i s  almost 
twice as high. The elongation of magnesiothermic t i tanium i s  25-30 percent ;  the  
contract ion of the  cross  sec t ion  i s  50-55 percent;  t he  impact s t rength  i s  7-10 

kgm/cm2. The u l t imate  s t r eng th  of technica l  t i t an ium changes between 20 and 
950’ along a curve which decl ines  abrupt ly  toward the  abscissa;  a t  8000, t he  

u l t imate  s t rength  of t i tanium is  approximately equal  t o  2.5 kg/mm2, and a t  9500, 

t o  about 1.5 kg/mm2. A s  can be seen f r o m  the  diagram, the  curve of t h e  u l t imate  



s t r eng th  of t echn ica l  t i t an ium dec l ines  sharply wi th  r i s i n g  t e s t i n g  temperature, 
and approaches almost continuously t h e  curve of t h e  u l t ima te  s t r eng th  of iodide 
t i tanium. 

The elements aluminum, chromium, i ron ,  s i l i c o n  and boron introduced i n t o  
t i tanium a l l o y s  AT wi th in  t h e  above-indicated l i m i t s  raise t h e  ul t imate  s t r eng th  
of t he  a l l o y s  considerably as compared t o  the  u l t ima te  s t r eng th  of iodide ti- 
tanium, and decrease t h e i r  d u c t i l e  p rope r t i e s .  A t  room temperature, t he  u l t i -  

mate s t r eng th  of a l l o y  AT3 i s  equal t o  85-87 kg/mm2. 
rtses t o  200°, t h e  u l t ima te  s t r e n g t h  of t h e  a l l o y  decreases t o  approximately 

A s  t he  t e s t i n g  temperature 

60-65 kg/mm2, and i n  the  temperature range of 300-500°, changes from 57.1-63.2 

t o  53-55.6 kg/mm2. As  i s  evident  from the  course of t h e  curve, when t h e  
t e s t i n g  temperature i s  subsequently ra ised t o  700-800O, t h e  ul t imate  s t r eng th  

of the  a l l o y  decreases sharply t o  14-8 kg/mm2. 
a t  t e s t i n g  temperatures up t o  8000, the  curve of t h e  ul t imate  s t r eng th  dupli-  
ca t e s  the  course of t he  curve of iodide t i tanium. The ul t imate  s t r eng th  of al-  
loys  AT4, AT6 and AT8 changes i n  similar fashion. 
a: s o l i d  so lu t ion  becomes increasingly sa tu ra t ed  wi th  aluminum, the  ul t imate  
s t r eng th  of t he  a l loys  increases  a t  room temperature approximately from 85 

As can be seen from t h e  diagram, 

The diagram shows t h a t  as the  

kg/mm2 f o r  a l l o y  AT3 t o  93.5-102.9 kg/mm2 f o r  a l l o y  AT4, t o  106-115.3 kg/mm 2 

f o r  a l l o y   AT^ and t o  116-124.5 kg/m2 f o r  a l l o y  AT8. A t  t e s t i n g  temperatures 
of 20-9000 i n  each success ive ' a l loy  wi th  a higher  aluminum content, t he  u l t i -  
mate s t r eng th  i s  higher  than i n  t h e  preceding a l l o y  with a lower aluminum 
content. 

53-55.6 kg/mm2 f o r  a l l o y  AT3, up t o  60 kg/mm2 f o r  a l l o y  AT4, up t o  70 kg/mm* 

f o r  a l l o y  AT6 and up t o  82 kg/mm2 f o r  a l l o y  AT8. A t  temperatures above 450- 
550°, the  ul t imate  s t r eng th  of a l l  t h e  a l loys  decreases abruptly.  
a l loys  AT3, A!T4,  AT^ and m8, the  ul t imate  s t r eng th  i s  respect ively equal t o  

10-14, 21.5, 30.7 and 33 kg/mm*; a t  goo0, the  ul t imate  s t r eng th  of a l l o y  AT8 

is equal t o  about 30 kg/mm2, and t h a t  of a l loys  AT4 and AT6 i s  2 and 1.5 times 
lower than t h a t  of a l l o y  AT8. 

For example, a t  500° the  ul t imate  s t r eng th  has t h e  following values: 

At 800° i n  

The dependence of t h e  d u c t i l e  p rope r t i e s  of t i tanium and i t s  a l l o y s  on t h e  
t e s t i n g  temperature i s  very i n t e r e s t i n g .  The diagram shows t h a t  t h e  elongation 
p e r  u n i t  length increases  a t  f irst  as the  t e s t i n g  temperature rises t o  300°, 
then sharply decreases i n  t h e  temperature range of 400-500°, then increases  
again as the  t e s t i n g  temper?.ture rises f u r t h e r .  
elongation p e r  u n i t  length oi magnesiothermic t i tanium i s  g r e a t e r  than t h a t  of 
iodide titanium. 

Beginning a t  about 550°, the  



Mechanic a 1  p rope r t i e s  versus t e s t i n g  temperature : 
1, iodide t i tanium; 2, magnesiothemic t i tanium; 
3, a l l o y  AT3; 4, a l l o y  AT&; 5 ,  a l loy  AT6; 
6, a l l o y  AT8. 

The elongat ion p e r  u n i t  l ength  of a l loys  AT i s  considerably less than the  
elongat ion of t i t an ium and changes between 20 and 400' along curves having a 
s l i g h t  trough i n  t h e  d i r e c t i o n  of t h e  abscissa .  
4000, the  elongation curves of the  a l loys ,  a f t e r  passing through t h e  minimum 

Above a temperature of about 
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point ,  rise s l i g h t l y  a t  f irst ,  then more abrupt ly  a t  500°; at  these  temperatures, 
t he  a l loys  acquire a high d u c t i l i t y .  

The reduction of t h e  cross  sec t iona l  area of t i tanium specimens a t  tempera- 
t u r e s  approximately up t o  430° changes along a r i s i n g  curve wi th  a minimum at  
400°. A t  about 450°, t h e  curve changes d i r e c t i o n  and as t h e  t e s t i n g  tempera- 
t u r e  i s  raised fu r the r ,  rises s t i l l  more s teeply .  A dec l ine  i n  d u c t i l e  proper- 
t ies,  p a r t i c u l a r l y  i n  r e l a t i o n  t o  t h e  elongation p e r  u n i t  l ength  of t i tanium 
f r o m  300 t o  400° had been observed e a r l i e r  by many inves t iga tors .  However, t he  
cause of t h i s  phenomenon has not  y e t  been establ ished.  It may be postulated 
t h a t  t h e  decrease i n  the  d u c t i l i t y  of t i tanium and a l s o  t h a t  of a l loys  of t h e  
system Ti-Al-Cr-Fe-Si-B i s  p a r t i a l l y  caused, i n  addi t ion  t o  o the r  f ac to r s ,  by 
the i-nfluence of hydrogen. 

The .influence of aluminum on t h e  d u c t i l i t y  of t h e  a l loys  a t  a given t e m -  
pera ture  can a l s o  be followed on t h i s  diagram. 
Q: so l id  so lu t ion  increases ,  the  d u c t i l i t y  of t h e  a l loys  decreases (see f igu re ) .  

As  t h e  aluminum content of the  

The table shows the change i n  the  content of t he  sum of chromium, i ron ,  
and s i l i c o n  wi th in  the  l i m i t s  of a given composition. As t he  t o t a l  content of 
chromium, i ron  and s i l i c o n  increases ,  t h e  u l t imate  s t rength  of the  a l loys  in-  

creases  a s  follows: 

t o  105 kg/mm2; i n  a l l o y   AT^, from 106 t o  115.3 kg/mm2; i n  a l l o y   AT^, t o  124 

kg/mm2. 
elongation decreases from 14-15.9 percent i n  a l l o y  AT3 t o  8 percent i n  a l l o y  
AT8 No. 1, i.e.,  a t  the  upper l i m i t ,  and t o  14.6 percent i n  a l l o y  m8, No. 2, 
i .e . ,  a t  t he  lower l i m i t .  

i n  a l l o y  AT3, from 75 t o  88 kg/mm2; i n  a l l o y  AT&, from 90 

The d u c t i l e  p rope r t i e s  of t he  a l loys  thus decrease: f o r  instance,  the  

Summary 

1. Six-component a l loys  of the  system Ti-Al-Cr-Fe-Si-B of the  optimum 
compositions AT3, AT4,  AT^, and AT8 bas i ca l ly  have the  s t r u c t u r e  of an a so l id  
so lu t ion  with a very small amount of t he  f3 phase; they are characterized by 
high mechanical c h a r a c t e r i s t i c s  a t  room temperature and higher  temperatures (up 
t o  450- 600° ) . 

2. A s  t he  aluminum content of the six-component a l loys  of t he  system T i -  
Al-Cr-Fe-Si-B increases  from 3 t o  8 percent,  t he  t o t a l  content of chromium, 
i ron,  s i l i con ,  and bo'ron being constant,  t he  ul t imate  s t r eng th  of the  a l loys  
increases.  Thus, a l l o y  AT3 has an ul t imate  s t rength  of up t o  80 kg/mm*, and 

a l l o y   AT^, up t o  124 kg/mm2. The duc t i l e  c h a r a c t e r i s t i c s  (elongation p e r  u n i t  
length and t ransverse  contract ion)  decl ine.  

3. A s  the  t e s t i n g  temperature is  ra i sed ,  t h e  u l t imate  s t rength  of t i tanium 
and t h a t  of a l loys  AT3, AT4,  AT^ and  AT^ decreases,  and does so most rap id ly  a t  
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a temperature above 450-500°. 
contract ion of the  a l loys  undergo l i t t l e  change as t h e  temperature is ra i sed  t o  
approxtmately 450°, bu t  increase sharply as  t he  t e s t i n g  temperature i s  ra i sed  
fu r the r .  

The elongation p e r  u n i t  l eng th  and t ransverse  
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STUDY OF TRE COMPAWTIVE HEAT RESISTANCE OF TITANIUM ALLOYS 
SHEET AND ITS WELD JOINTS AT 430, 350, 630 and 7000 

I. I. Kornilov, 0. N. Andreyev, V. M. Voshedchenko 
and V. A. Karmanov 

pp. 227-235 of o r ig ina l  document appears i n  
J. P . R. S . Translation No. 28,176; TT: 65-30080 
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EUGH-TEMPERATTIFE SWNGTH OF ALLOYS OF THE QUNEFWARY 
SYSTEM Ti-Al-Mo-V 

Ye.  N. Pylayeva and KO Chih-ming 

The present  a r t i c l e  repor t s  on a study of t h e  dependence of the  high- 
temperature s t rength  of a l loys  of t h e  systems Ti-Al-Mo and Ti-Al-(Mo:V = 1:l) 
on t h e i r  composition and s t ruc tu re .  The pos i t i on  of these  systems i n  the 
te t rahedron of t h e  quaternary system Ti-Al-Mo-V i s  shown i n  f igu re  1. 

The method of long-time hot  hardness (ref. 1) and t h e  cen t r i fuga l  bending- 
t e s t  method w e r e  used i n  the  study (ref. 2). 

Tests for long-time hot hardness w e r e  ca r r ied  out on a VIM-1 vacuum u n i t  
( r e f .  13) a t  a load of 1 kg and a deformation t i m e  of 1, 5 ,  10 and 20 min. 

I n  high-temperature s t rength  tests involving t h e  cen t r i fuga l  method, the  

bending stress w a s  15 kg/mm , and the  t e s t i n g  temperature w a s  varied from 550 
t o  800° depending upon the  aluminum content of t he  a l loys .  

2 

IL 

no 
Figure 1. Location of t he  systems Ti-Al-Mo 
and Ti-Al-(Mo:V = 1:l) i n  t h e  te t rahedron of 
t he  quaternary system Ti-Al-Mo-V. 



Using the  method proposed i n  reference 4, we calculated t h e  p l a s t i c  defor- 
mation rates vd from d a t a  on the  long-time hot  hardness of a l loys  of t h e  system 

Ti-Al-Mo at 700'. The deformation rate, calculated f o r  t h e  same spec i f ied  s i z e  
of t h e  indentat ion,  corresponds t o  conditions of p l a s t i c  flow when t h e  same 
spec i f i c  pressure of t he  indenter  i s  ac t ing  on t h e  specimen. The r e l a t i v e  high- 
temperature s t rength  of t he  a l loys  studied can be evaluated from the  values of 
t he  deformation rate. 

L e t  us examine t h e  curves represent ing t h e  inf luence of molybdenum concen- 
t r a t i o n  on the  logarithm of the  deformation rate I n  vd of t he  a l loys  ( f ig .  2). 

I n  the  binary a l loys  of t h e  system Ti-Mo ( f ig .  2, curve l), addi t ion  of up 
t o  3 percent  Mo decreases the  deformation rate somewhat, and as t h e  molybdenum 
content increases  t o  10 percent,  t he  e f f e c t  of t h i s  element i s  almost unnotice- 
able. 

I n  the  t e rna ry  a l loys  with 3, 1-5 and 20 percent  Al ( f ig .  2, curves 2, 3 
and 4), as t h e  molybdenum content increases  from zero t o  10  percent,  t h e  defor- 
mation rate of t he  a l loys  decreases at first (minimal values are reached at a 
molybdenum content of about 1 percent) ,  then after a c e r t a i n  increase remains 
p r a c t i c a l l y  constant.  This means t h a t  t e rna ry  a l loys  of t i tanium with 1 per- 
cent Mo containing respec t ive ly  5 ,  15 and 20 percent  Al have a maximum high- 
temperature s t rength  a t  TOO0 as compared t o  the  rest of t he  a l loys .  

These conclusions concerning the  high-temperature s t r eng th  of te rnary  
a l loys  were confirmed by da ta  on bending tests car r ied  out  by the  cen t r i fuga l  
method. The "composition--high-temperature s t rength" diagrams of a l loys  of t h e  
system Ti-Al-Mo along sec t ions  wi th  5 percent  Al ( f i  . 3, curve 1) 10 percent  
~l ( f ig .  3, curve 2 ) ,  15 percent  ~l ( f ig .  3, curve 3 7 and 20 percent  Al ( f i g .  
3, curve 4) show t h a t  t h e  m a x i m a  on the  curves represent ing t h e  change i n  high- 
temperature s t rength  correspond t o  a content of about 1 percent  Mo. This 
corresponds t o  the  boundary of t h e  t r a n s i t i o n  from Q: s o l i d  so lu t ions  t o  the  
region of a + p phases on the  phase diagram of t h e  system Ti-Al-Mo. From t h i s ,  
one can conclude t h a t  i n  t h e  invest igated p a r t  of t h e  system Ti-Al-Mo, the  
maximum high-temperature s t rength  a t  600-8000 i s  displayed by those t e rna ry  ti- 
tanium a l loys  whose compositions are located i n  t h e  v i c i n i t y  of t h e  s o l u b i l i t y  
l i m i t  of molybdenum i n  t h e  a so l id  solut ion.  

L e t  u s  examine t h e  dependence of t h e  high-temperature s t rength  of t h e  a l loys  
of t h e  system Ti-Al-Mo along t h e  sec t ion  wi th  5 percent  Al on t h e  molybdenum con- 
cent ra t ion  ( f ig .  4).  

Up t o  5 percent  Mo, t h e  change i n  the  high-temperature s t r eng th  i n  the  al- 
loys r e t a i n s  t h e  p a t t e r n  establ ished above, i.e., as t h e  molybden-an concentra- 
t i o n  r i s e s ,  the  high-temperature s t rength  increases  a t  first within t h e  confines 
of t he  Q: so l id  so lu t ion  and reaches a maximum near  t h e  sa tu ra t ion  boundary a t  a 
content of about 1 percent  Mo; when the  a + B region i s  reached, t he  s t rength,  
after a s l i g h t  decrease, remains p r a c t i c a l l y  constant up t o  5 percent  Mo. 
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Mo, w t  percent  

Figure 2. Ef fec t  of molybdenum concentration on 
t h e  values of I n  va a t  700': 

of the  system Ti-Mo; 2, ternary a l l o y  with 5 per- 
cent Al; 3, te rnary  a l loy  with 10 percent  Al; 
4, t e rnary  a l l o y  with 20 percent  Al. 

1, binary a l loys  

I 2 3 4.. 5 
Bo, w t  percent  

Figure 3 .  Time  required t o  reach a bending de- 
f l e c t i o n  of 2 mm, versus molybdenum content f o r  
alloys of t h e  system Ti-Al-Mo at  600-8000 and 
IS = 15 kg/mm2: 1, sec t ion  wi th  5 percent  Al; 
2, s ec t ion  wi th  10 percent  Al; 3, sec t ion  with 
15 percent  A l ;  4, sec t ion  wi th  20 percent  Al. 



5 ID 15 Zcl 25 3U 35 
Mo, w t  percent 

Figure 4. Time required t o  reach a given bending 
de f l ec t ion  versus molybdenum content f o r  a l loys  of 
t h e  system Ti-Al-Mo with 5 percent  Al a t  600-7000 

and CT = 15 kg/mm2. 

A f u r t h e r  increase i n  molybdenum concentration causes a decrease i n  hip 
temperature s t rength;  t h e  s t rength  curve, passing through a minimum a t  -25 

1- 

percent Mo, again r i s e s  sharply as the  composition of the  a l loys  approaches the  
boundary between the  f3 s o l i d  so lu t ion  and t h e  QI + f3 regions. 

The a l loy  with 5 percent  Al and 35 percent  Mo, located near the boundary 
of t r a n s i t i o n  from the  f3 so l id  so lu t ion  t o  the  a + f3 region, softens only from 
a temperature of 700~. 

On t h e  basis of a systematic study of t h e  experimental da t a  obtained from 
the bending t e s t  by t h e  c e n t r i a g a l  method, we p lo t t ed  t h e  "composition--high- 
temperature s t rength" diagram of a l loys  of t he  system Ti-Al-(Mo:V = 1:l) shown 
i n  f igu re  5.  

The diagram is  divided i n t o  a number of por t ions .  These port ions ind ica te  
the  temperatures a t  which a f t e r  100 h r s  of bend-testing by the  cent r i fuga l  method 
a t  a bending stress of 15 kg/mm2, the  a l loys  of t h e  corresponding composition 
reach a bending de f l ec t ion  of 5 mm. From the  indicated temperatures, one can 
evaluate the  r e l a t i v e  high- temperature s t r eng th  of a l loys  of the  system Ti-A1- 
(Mo:V = 1:l). The phase regions of the  system at  600° are indicated by broken 
l i n e s  on the  diagram. 

The diagram shows t h a t  as the  composition and s t ruc tu re  of t h e  a l loys  change, 
the t e s t i n g  temperature changes from 550' f o r  a l loys  adjacent  t o  the  s ide  of T i -  
(Mo:V = 1:l) t o  800° f o r  a l loys  from the  region of t he  Q so l id  so lu t ion  with a 
high aluminum content. For a l loys  from the region of the y so l id  so lu t ion  based 
on the compound TiAl, t he  t e s t i n g  temperature i s  above 800~. 

From the  tests performed it follows t h a t  i n  t h e  system Ti-AL-(Mo:V = 1:l) 
the  dependence of t he  high-temperature s t rength  on t h e  composition and s t ruc tu re  
of t h e  a l loys  obeys t h e  re la t ionships  es tab l i shed  f o r  a l loys  of the  system 
Ti-Al-Mo, i.e., a maximum high-temperature s t r eng th  charac te r izes  quaternary 
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titanium alloys whose compositions are located in the vicinity of the boundary 
of transition from a solid solutions into the region of a + 8 phases. 

Among the investigated alloys, those having the highest strength were from 
the region of the quaternary y solid solutions based on the compound TiA1. 

Thus, according to the physicochemical theory of high-temperature strength 
(ref. 5), the diverse nature of the chemical interaction of the components in 
the quaternary system Ti-Al-Mo-V permits the formulation of the following re- 
lationships in the change of the high-temperature strength of alloys of this 
system. 

As shown by the data obtained in the determination of the long-time hot 
hardness at TOO0, in the binary system Ti-Mo the change in high-temperature 
strength at molybdenum concentrations from zero to 10 percent corresponds to 
the third type of "composition--high-temperature strength" diagrams. Since 
the concentration of the binary a solid solution in the system Ti-Mo is very 
low (less than 0.8 percent) and is independent of temperature, a-Ti is prac- 
tically devoid of the solution mechanism of hardening. 

The high-temperature strength of the alloys depends primarily on the amount 
of the 8 phase hardened by molybdenum and on the nature of the interaction at 
the interface of the a and p phases. 

In the systems Ti-Al-Mo and Ti-Al-(Mo:V = 1:l) along the sections with a 
constant aluminum content of 5, 10, 15 and 20 percent, the dependence of tine 
high-temperature strength of the alloys on the molybdenum concentration or the 

T L  

Figure 5. Region of alloys of the system 
Ti-Al-(Mo:V = 1:l) with the same testing 
temperature required to reach a bending de- 

flection of 5 mm in 100 hrs at cs = 15 kg/m . 2 

-. . . . . . . . . , , ._.. .._ 



sum of molybdenum and vanadium corresponds to the second type of "composition-- 
high-temperature strength" diagrams. 
of these systems leads to an increase in the solubility of molybdenum and vana- 
dium in the ternary and quaternary a solid solutions. 
aluminum as a result of the formation of solid solutions and compounds are 
additionally hardened by the solution mechanism and possibly dispersion mecha- 
nisms of hardening. 
those whose compositions are located near the boundary of the transition from 
a solid solutions (ternary and quaternary) to the region of a + p phases. 

The introduction of aluminum into alloys 

Alloys hardened by 

The most heat-resistant titanium alloys at 600-800° are 

Of the alloys which we studied, the most heat-resistant ones are those 
with y solid solutions based on the compound TiAl. 
strength of the compound TiAl is due to the great stability of its chemical 
bonding. However, alloys of this series are not deformed and may find appli- 
cations as heat-resistant casting alloys. 

The great high-temperature 
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THERMAL STABILITY O F  ALLOYS AT3 AT TENPEXATURES OF 350 AND 400° 

K. P. Markovich and V. S. Mikheyev 

I n  connection wi th  the  p o s s i b i l i t y  of using a l l o y  .AT3 i n  u n i t s  operat ing 
f o r  extended per iods of t i m e  a t  temperatures of 350-400°, a study of t h e  sta- 
b i l i t y  of t h i s  a l l o y  under operating conditions seemed of g r e a t  i n t e r e s t .  

Two i n d u s t r i a l  m e l t s  of a l l o y  AT3 with t h e  sane content of aluminum and 
boron (within the  l i m i t s  of t h e i r  s o l u b i l i t y  i n  a - T i )  and d i f f e r e n t  content of 
the  sum of a l loy ing  elements C(Cr, Fe, S i )  were se lec ted  for the  present  in -  
vest igat ion.  

The chemical composition ( i n  w t  percent)  of t he  inves t iga ted  m e l t s  of a l l o y  
AT3 was as follows: 

Alloy Ti A1 Cr Fa Si B Z (Cr, Fe, si) 
AT3-l Base 2.7 0.60 0.30 0.36 0.01 1.26 
At3-2 B a s e  2.8 0.79 0.44 0.30 0.01 1.53 

Our earlier work on the  determination of t h e  s o l u b i l i t y  of t he  sum of t h e  
a l loying elements C ( C r ,  Fe, S i )  i n  t he  proportion of l:1:1 i n  a t e rna ry  a so l id  
so lu t ion  (3 percent Al and 0.01 percent  B )  showed t h a t  the  maximum s o l u b i l i t y  
of t h e  sum of these elements a t  300' i s  equal t o  about 0.75 percent ( r e f .  1) and 
t h a t  it increases  with t h e  temperature. Thus, it should be assumed t h a t  t he  
compositions of a l l o y  AT3 se lec ted  for t he  present  inves t iga t ion  a re  located 
near  t he  l i m i t  of the  maximum sa tu ra t ion  a phase -I- excess phase i n  a state close 
t o  equilibrium. Therefore, t h e i r  phase composition i n  the  s t a t e  of equilibrium 
should correspond t o  t h e  s t ruc tu re  a! phase + excess phase. It may be  postulated 
t h a t  embrittlement may take  place as a r e s u l t  of t he  p r e c i p i t a t i o n  of t h e  excess 
phase when the a l l o y  operates  i n  the  indicated temperature range for a very long 
t i m e  (up t o  20,000 h r s ) .  
w a s  made a t  temperatures of 350 and 400' f o r  10,000 h r s  without s t r e s s  and i n  an 
ordinary atmosphere. 

I n  t k i s  connection, a study of the  aging of a l l o y  AT3 

The thermal s t a b i l i t y  of t i tanium a l loys  of t he  AT s e r i e s  was s tudied by the  
authors of reference 2 f o r  various contents of aluminum and of t h e  sum of the  
a l loy ing  elements besides i ron  and s i l i c o n  for 100 hrs  a t  temperatures of 400, 
450 and 500°. 
AT8 te s t ed  under t h e  selected conditions displayed a high thermal s t a b i l i t y .  

The study es tab l i shed  t h a t  t h e  t i tanium a l loys  AT3, AT4, AT6 and 



P 

The s t a b i l i t y  of t i tanium a l loys  AT3, AT4 and AT6 w a s  s tudied a t  400 and 
450’ f o r  300-7,000 h r s  (ref. 3). The inves t iga t ion  showed t h a t  a f t e r  an aging 
t e s t  under the  above-indicated conditions,  the d u c t i l i t y  of a l l o y  AT3 decreases 
during t h e  i n i t i a l  s tage  of t h e  aging and i s  almost completely restored t o  the  
o r i g i n a l  s t a t e  after 3,000 h r s  of aging. 

I n  an aging t e s t  l a s t i n g  2,750 h r s  i n  a medium of sa tura ted  water vapor a t  
100’ without s t r e s s ,  a l l o y  AT3 did not show any decrease i n  d u c t i l i t y  e i t h e r .  

I n  t he  present  inves t iga t ion ,  use w a s  made of forged bars  1 4  x 14  mm i n  
cross  sec t ion  from two m e l t s  prepared by +he vacuum method of double melting 
under p l a n t  conditions.  
the a l loys :  
t echnica l  s i l i c o n  KR, chromium K h l ,  t e chn ica l  i ron,  aluminum AlOO and a 
chromium-boron master a l l o y  (up t o  10 percent  B ) .  
was calculated t o  contain up t o  3 percent Al. and C(Cr,  Fey S i )  a t  t h e  i n t e r -  
mediate and upper l i m i t .  

The following s t a r t i n g  mater ia l s  were used t o  prepare 
t i tanium sponge TGO with an u l t imate  s t r eng th  of 39-43 kg/mm2, 

The charge of the  a l l o y  

Alloys AT3-l and AT3-2 i n  the  forged s t a t e  and a f t e r  annealing had t h e  
following mechanical c h a r a c t e r i s t i c s  (determined by the  standard method on 
specimens prepared from forged bars  14  x 1 4  mm i n  cross  sec t ion ) :  

Alloy After  forging After  annealing f o r  30 min a t  
8500 and cooling i n  a i r  

 AT^-1 86.4 84.9 14.5 43.2 7.7 86.3 85.0 
 AT^-2 90.1 87.84 14.0 58.10 6.6 84.5 81.5 

14.8 44.75 6.8 
17.6 48.7 7.8 

The aging of alloy AT3 was studied on blanks taken from a forged bar  
1 4  x 14  mm i n  cross  sec t ion .  
out  preliminary annealing. The mechanical p rope r t i e s  and microstructure  dur- 
i n g  aging were studied a f t e r  holding times of 100, 500, 1,000, 2,000, 3,000, 
5,000 and 10,000 h r s .  

The blanks were placed i n  a heated furnace with- 

The etching w a s  car r ied  out  i n  a spec ia l  so lu t ion  (1 p t .  KE’ + 2 p t s .  
H$03 + 3 p t s .  g lyce r in ) .  

polished sect ions,  t h e  l a t t e r  were washed i n  a concentrated so lu t ion  of soda, 
then i n  water. 

I n  order  t o  prevent a s t rong oxidat ion of t h e  

Results 

1. Change i n  the  mechanical p rope r t i e s  of a l loys  i n  the course of aging. 
The change i n  the  mechanical p rope r t i e s  of a l loys  AT3-l and AT3-2 i n  t h e  course 
of aging l a s t i n g  10,000 h r s  a t  350 and 400’ i s  shown graphica l ly  ( f ig s .  1-4).  
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Figure 1. Change i n  the  mechanical p rope r t i e s  of a l l o y  AT3-l 
i n  the  course of aging a t  350' for 10,000 hrs.  
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Figure 2. Change i n  the mechanical proper t ies  of a l l o y  AT3-l 
i n  the  course of aging a t  400' f o r  10,000 hrs. 
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Figure 3. Change i n  the  mechanical proper t ies  of a l l o y  AT3-2 
i n  the  course of aging a t  350' f o r  10,000 hrs .  
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Figure 4. 
i n  t he  course of aging a t  400' f o r  10,000 h r s  . Change i n  the  mechanical p rope r t i e s  of a l l o y  AT3-2 

The lower p a r t  of t he  graphs shows the dependence of the  impact s t r eng th  
on the  durat ion of aging, t he  upper p a r t  shows the  change i n  the  u l t imate  
s t rength  and y i e ld  s t rength ,  and t h e  middle  p a r t  shows t h e  change i n  t h e  d u c t i l e  
p rope r t i e s  which took p lace  during t h e  elapsed aging-time i n t e r v a l .  

The graphs show t h a t  i n  the  course of aging a t  350 and 400° f o r  10,000 hrs  
the s t r eng th  of t he  a l loys  character ized by the  values of ab and us does not 

change appre c i ab l y  . 
Thus, f o r  example, t he  ul t imate  s t rength  Ob of a l l o y s  AT3-1 and AT3-2 a f t e r  

forging i s  equal respec t ive ly  t o  86.4 and 90.1 kg/m2. 
h r s  a t  350°, t he  indicated a l loys  had an u l t imate  s t rength  of 87.62 and 93.69 

kg/mm2, respect ively,  i .e. , t h i s  c h a r a c t e r i s t i c  remained p r a c t i c a l l y  unchanged. 
The same dependence of t he  u l t imate  s t rength  on the  durat ion of aging i s  a l so  
observed a t  400'. 

After aging f o r  10,000 

The d u c t i l i t y  of the  a l loys  S does not change during the  aging process 
e i t h e r ,  and i s  represented by a s t r a i g h t  l i n e  on "properties--aging t i m e "  
diagrams. 

The elongation pe r  u n i t  l ength  6 of a l loys  i n  the  i n i t i a l  s t a t e  w a s  14.3-14 
percent ,  and a f t e r  long aging became equal t o  15 percent  i n  a l l o y  AT3-l and 13.8 
percent  i n  a l l o y  AT3-2. 

The necking $ of a l l o y  AT3-1 decreases from 43.2 percent  (after forging)  
t o  36 percent  ( a f t e r  aging f o r  10,000 hrs a t  350°) and 34.4 percent  ( a r t e r  aging 
f o r  10,000 hrs at  boo0). 
aging t i m e  of 10,000-12,000 h r s .  
more appreciably i n  a l l o y  AT3-2. 

These values of t h e  d u c t i l i t y  a re  fairly high f o r  an 
The t ransverse contract ion of t he  neck decreases 

After 10,000 h r s  of aging, $ decreases from 56.1 t o  46..13 percent ( a t  an 
aging temperature of 350°) and t o  35.8 percent  (at  an aging' temperature of 400O). 
The value $ = 35.8 percent  i s  a l s o  s i g n i f i c a n t  i n  character iz ing the d u c t i l i t y  
of the  a l l o y  a f t e r  long aging. 
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The impact s t r e n g t h  decreases during aging. However, i n  t h e  range of 
holding times of 2,OOO-5,OOO hrs ,  it remains constant  f o r  both a l loys  (% = 

7.5-5.5 kgm/cm2) and decreases t o  3.5-3.75 kgm/cm2 only a f t e r  aging f o r  10,000 
h r s  . 

2. Change i n  t h e  microstructure  of a l l o y  AT3. A study of the  microstruc- 
t u r e  made it poss ib le  t o  e s t a b l i s h  t h a t  a l l o y  AT3 a f t e r  forging has t h e  s t ruc -  
t u r e  of an a s o l i d  so lu t ion  with a small  amount of r e s idua l  f3 phase ( f i g .  5a) 
independently of t h e  t o t a l  content of chromium, i r o n  and s i l i c o n .  

I n  t he  course of long aging under the  se lec ted  conditions,  the  s t r u c t u r e  
undergoes l i t t l e  change. This i s  indicated by photomicrographs obtained a f t e r  
d i f f e r e n t  aging condi t ions a t  350 and 400°. 

Microphotographs of a l l o y  AT3-l after forg ing  f o r  5,000 and 10,000 h r s  a t  
350 and 4000 ( f i g .  5 )  show a two-phase s t r u c t u r e  and a t ex tu re  t h a t  i s  coarser  
than i n  the  forged state. 

The higher a l l o y  AT3-2 has a s imi l a r  s t r u c t u r e  a t  350 and 400' and t h e  
corresponding holding t i m e s  ( f i g  . 6) .  

A study of the  microstructure  of t he  aged a l l o y  AT3 a t  a eonstant aluminum 
content and a var iab le  t o t a l  content of chromium, i r o n  and s i l i c o n  following 
various holding t imes revealed t h a t  the phase composition of the  a l l o y  under t h e  
indicated aging condi t ions remains unchanged over such a long period of t i m e .  

The r e s idua l  f3 phase i n  a l loys  AT3-l and AT3-2 i n  t h e  range of 500-6000 
should exh ib i t  a eu tec to id  decomposition with t h e  formation of an a phase and an 
in t e rme ta l l i c  phase of complex composition. Since the  aging of a l l o y  AT3 took 
p lace  a t  r e l a t i v e l y  low temperatures (350 and 400°), i n  t he  range of which the  
d i f fus ion  processes are s t rongly  inh ib i ted ,  t h i s  d i f fus ion  did not occur. The 
s t r u c t u r e  of the  a l l o y  remains a nonequilibrium s t r u c t u r e  and cons i s t s  c h i e f l y  
of an a so l id  so lu t ion  and anundecomposed f3 phase. For t h i s  reason, t h e  prop- 
e r t i e s  of t he  a l l o y  (ob., as and 6) remain a t  the  l e v e l  of t he  o r ig ina l  ones 
independently of a l loy ing  a f t e r  such long aging. 
causes a strengthening of t he  gra ins  of t h e  a phase, and t h i s  a f f e c t s  t h e  
d u c t i l e  c h a r a c t e r i s t i c s  of t h e  a l loy ,  $ and an, the  value of which decreases 
with increasing g r a i n  s i z e .  

However, long aging a t  400° 

I n  addi t ion,  i n  such long aging i n  an atmosphere of a i r ,  the  sur face  oxi- 
da t ion  of t he  a l l o y  and t h e  hydrogen, which sharp ly  decreases t h e  impact 
s t rength ,  may a l s o  e x e r t  a c e r t a i n  influence.  

Summary 

1. 
percent C ( C r ,  Fe, S i )  was s tudied i n  the  course of 10,000 hrs  a t  temperatures of 
350 and 400°. The inves t iga t ion  showed t h a t ,  i r r e s p e c t i v e  of a l loying,  t he  phase 
composition of t h e  a l l o y  does not change under t h e  se lec ted  aging condi t ions.  

The aging of a l l o y  AT3 containing 2.7-2.8 percent  Al and 1.26 and 1.53 
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Figure 5. 
and boo0, x 340: 
d ,  400°, 5,000 hrs ;  e ,  boo0, 10,000 hrs .  

Microstructure of a l l o y  AT3-l  a f t e r f o r g i n g  and aging a t  350 
a,  forged; b,  350°, 5,000 hrs ;  e,  350°, 10,000 hrs; 

Figure 6. 
x, 340: a, 350°, 500 hrs ;  b ,  350°, 3,000 hrs;  e, 350°, 5,000 hrs; 
d ,  350°, 1,000 h r s ;  e ,  400°, 500 hrs ;  f ,  400°, 3,000 hrs;  g ,  400°, 
5,000 hrs; h, boo0, 10,000 h r s .  

Microstructure Gf alloy AT3-2 a f t e r  aging a t  350 and boo0, 

295 



The s t r u c t u r e  remains a nonequilibrium s t r u c t u r e  and cons is t s  of an a phase and 
an  undecomposed @ phase. 

2. Alloy AT3 does not embr i t t l e  i n  t h e  course of long aging (up t o  10,000 
h r s )  a t  350 and 400'. The u l t imate  s t r eng th  and elongation p e r  u n i t  length of 
the  a l l o y  remain a t  t he  l e v e l  of . the  o r i g i n a l  values independently of a l loying.  

3. The drop i n  Q and i s  due t o  t h e  growth of the  gra ins  of t h e  a phase 

and probably t o  the  absorption of hydrogen by the  a l l o y  i n  t h e  course of t h e  
aging. 
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EFFECT OF CONDITIONS OF PLASTIC DEFORMATION AND SUBSEQUENT TRFATMENT 
ON THE PROPERTIES OF CERTAIN TITANIUM ALLOYS 

I. M. Pavlov, Yu. F. Tarasevich and A. Ye. She les t  

I n  the  present  work' a study w a s  made of t h e  inf luence  of the  magnitude of 
p l a s t i c  deformation and subsequent cooling a t  various r a t e s  on the  mechanical 
p rope r t i e s  of c e r t a i n  a i- fi a l l o y s  -- the  OT4 martensi t ic- type a l l o y  and a l l o y s  
VT6 and VT14 i n  which the  fi phase may be p a r t l y  f ixed  a t  room temperature. 

The treatment of the  a l loys  consisted i n  r o l l i n g  specimens of square c ross  
sec t ion  on a "200" roll m i l l  wi th  reductions i n  a rea  of 20, 40 and 60 percent  
over a temperature range of 1100-500° (every looo). The r o l l i n g  r a t e  w a s  0.5 
m/sec. For each experimental po in t ,  th ree  specimens were ro l l ed  of which one 
w a s  cooled i n  water, the  second i n  asbestos ,  and the  t h i r d  i n  a i r .  

F i r s t ,  the  cooling r a t e  of t he  specimens i n  the  cooling media  w a s  measured 
by means-of thermocouples located on the  sur face  and a t  the cen te r  of t he  
specimens. Thus, f o r  a l l o y  VT4, t he  following cooling r a t e s  were obtained: i n  
water,  60-70 deg/sec; i n  asbestos ,  4.5-5 deg/sec; i n  a i r ,  6-6.5 deg/sec. 

The following mechanical c h a r a c t e r i s t i c s  were determined: hardness HB, 
proport ional  l i m i t  a , y ie ld  s t r eng th  uOs2,  u l t imate  s t r eng th  au, r e l a t i v e  

contract ion of c ross -sec t iona l  a rea  $ and elongat ion pe r  u n i t  length 6 .  The 
hardness w a s  determined on the  sur face  of t he  specimens a f t e r  removing the  gas- 
sa tura ted  l a y e r  by pol i sh ing  with an emery wheel. 

P 

The remaining mechanical c h a r a c t e r i s t i c s  were determined by subject ing t o  
t e n s i l e  t e s t s  specimens 3 mm i n  diameter which were cu t  out  of r o l l e d  blanks i n  
the  d i r ec t ion  of the  axis of r o l l i n g .  The t e s t s  were ca r r i ed  out  with two 
machines: 
sec 

a P-5 machine a t  an extension r a t e  of t h e  specimen of -1 percent /  
and on a Gagarin p re s s  a t  an extension r a t e  of 4 . 0 5  percent/sec.  

The t e n s i l e - t e s t  diagrams obtained wi th  t h e  Gagarin press  showed loads 
corresponding t o  the  propor t iona l  l i m i t  and y i e ld  s t r eng th  (ref. 1). 
s ions  of the  specimens before  and after extension were measured wi th  an in s t ru -  
ment microscope. The gauge length  of t h e  specimen taken w a s  t h e  d is tance  be- 
tween the  t ips  (20 mm) minus the  two r a d i i  of curvature  of the  t i p s  (2  mm), 

The dimen- 

'Ye. G. Konstantinov pa r t i c ipa t ed  i n  t h i s  work. 
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i .e . ,  18 mm. 
each o the r  (corresponding t o  standard quintuple specimens) showed t h a t  t he  values 
obtained f o r  t he  elongation p e r  u n i t  length should be enlarged by approximately 
15-20 percent.  

Extension of specimens with marks made a t  a d i s t ance  of 15 mm from 

Given below are t h e  r e s u l t s  of hardness tests of t hese  a l l o y s  and t h e  re- 
s u l t s  of t e n s i l e  tests of a l l o y  OT4. 

Hardness da t a  obtained wi th  a B r i n e l l  press as shown i n  f i g u r e s  1-3. The 
B r i n e l l  hardness test  has advantages i n  s t u d i e s  of a l l o y s  which are inhomogene- 
ous i n  s t ruc tu re ;  i n  addi t ion,  t h i s  method e s s e n t i a l l y  corresponds t o  t h e  de- 
terminat ion o f  hardness from t h e  degree of pene t r a t ion  of one body i n t o  another 
(ref. 2 ) .  

Cooling i n  water from 900-1100° sharply increases  t h e  hardness of a l l  t h e  
a l loys .  I n  a l l o y  VT14 ( f i g .  3), t he  d i f f e rence  i n  t h e  hardness of specimens 
cooled i n  a i r  and i n  asbestos i s  apparent, and t h e  increase i n  hardne%s takes  
place t o  a lesser ex ten t .  

The hardness of a l l  t he  a l l o y s  changes s l i g h t l y  upon cooling from 500-800° 
For a 40 per- (region of exis tence of t h e  a phase) f o r  a 20 percent  reduction. 

cent reduction, an increase i n  hardness i s  apparent as t h e  r o l l i n g  temperature 
drops below 800~; t h i s  may be explained by the  prevalence of t he  phenomenon of 
work hardness over t h e  recovery phenomena occurring a t  t hese  temperatures. 

The r e l a t i v e  contract ion of t h e  cross  sec t iona l  area and t h e  elongation f o r  
a l l o y  OT4 w e r e  t h e  same i n  extension on t h e  P-5 machine and on t h e  Gagarin press ,  
and the  ul t imate  s t r eng th  determined by t e s t i n g  with t h e  P-5 machine w a s  found 
t o  be 5-7 percent higher  than i n  t e s t i n g  with t h e  Gagarin p re s s .  

The dependence of t he  ul t imate  s t r eng th  obtained by t e n s i l e  tes ts  with the  
P-5 machine on t h e  conditions of t h e  treatment i s  shown i n  f i g u r e  4. 

The influence of t h e  cooling rate on au i s  manifested only a t  r o l l i n g  

temperatures above 900'. 
t o  hardening hea t  treatment i n  a l l o y  OT4, although cooling i n  water from the  
temperatures of exis tence of t h e  f3 phase raises t h e  u l t ima te  s t r eng th  of t he  

a l l o y  t o  93-100 kg/mm2, which i s  equal t o  82-85 kg/tnm2 a t  moderate cooling 
rates. 

Certain da t a  ( ref .  3) i nd ica t e  the  absence of response 

A t  20 percent reduction, t he  y i e l d  s t r e n g t h  changes smoothly with a change 
i n  r o l l i n g  temperature. 
confirming the  inf luence of t h e  value of p l a s t i c  deformation on the  mechanical 
p rope r t i e s  of the  a l loy .  

A t  higher reductions,  t h i s  r e g u l a r i t y  i s  not manifested, 

Over the  e n t i r e  range of r o l l i n g  temperatures and a t  a l l  cooling rates 
(with t h e  exception of a f e w  cases a t  1000° and cooling i n  a i r ) ,  the  r e l a t i v e  
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Figure 1. Dependence of hardness on the  r o l l i n g  
temperature, reduction i n  area and cooling condi- 
t i o n s  of a l l o y  OT4: a, 20 percent  reduction; b,  
40 percent  reduction; c y  60 percent  reduction; 
1, cooling i n  w a t e r ;  2, cooling i n  asbestos;  3, 
cooling i n  a i r .  

contract ion increases  wi th  an increase of t he  reduction i n  area, and the t e m -  
perature  dependence of t h e  curves of t h e  reduction i n  area i s  t h e  same, having 
a minimum a t  10000 and a maximum a t  7000. 
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Figure 2. Dependence of hardness on t h e  r o l l i n g  temperature, 
reduction i n  a rea  and cooling conditions of a l l o y  ~ 6 :  a, 20 
percent reduction; b, 40 percent reduction; e,  60 percent re- 
duction; 1, cooling i n  water; 2, cooling i n  asbestos;  3, cool- 
ing  i n  a i r .  
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Figure 3. Dependence of hardness on the r o l l i n g  
temperature, reduct ion i n  a rea  and cooling condi- 
t i o n s  of a l loy  VT14: a, 20 percent  reduction; 
b,  40 percent  reduction; c,  60 percent  reduction; 
1, cooling i n  water; 2, cooling i n  asbestos;  3, 
cooling i n  a i r .  

The elongat ion p e r  u n i t  l eng th  decreases on r o l l i n g  from temperatures below 
8000; t h e  maximum values of 6 a r e  obtained a t  moderate rates of cooling from 
110oO. 
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Figure 4. 
a l l o y  OT4 on the r o l l i n g  temperature, reduct ion i n  
a r e a  and cooling conditions:  a,  20 percent  reduc- 
t i on ;  b, 40 percent  reduction; e,  60 percent  reduc- 
t i on ;  1, cooling i n  water; 2, cooling i n  asbestos;  
3, cooling i n  a i r .  

Dependence of t he  u l t imate  s t r eng th  of 

The da ta  obtained i n  the  present  work make it poss ib l e  t o  d i s t ingu i sh  t h e  
p r inc ipa l  methods of r a i s i n g  the  mechanical p rope r t i e s  of t i tanium a l loys  by 
means of t h e i r  thermomechanical treatment.  It should.be kept  i n  mind, however, 
t h a t  the  thermal s t a b i l i t y  of a l loys  a f t e r  such treatment w i l l  be f a i r l y  low,  
so  t h a t  a r t i c l e s  made from them can be used only a t  normal temperatures. The 
p o s s i b i l i t i e s  of using a r t i c l e s  from t i tanium a l loys  subjected t o  thermo- 
mechanical treatment a t  higher  temperatures requi re  add i t iona l  inves t iga t ions .  
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STUDY OF TEE BASIC PARAMETERS O F  HOT AND MEDIUM TEMPERATW 
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SOME STUDIES OF THE STRUCTURE AND PROPERTIES OF ALLOY m5-1 
DURING REATING FOR STAMPING 

Ya.  M. Dityatkovskiy, N. M. P u l ' t s i n ,  V. B. Pokrovskaya 
and V. A. Vinogradov 

The hot working of t i tanium a l l o y s  i s  hindered by t h e i r  a c t i v i t y  a t  high 
temperatures; t i tanium combines wi th  atmospheric oxygen, and t h e  components of 
a i r  dissolve i n  the  m e t a l .  P a r t  of t h e  metal i s  thus  converted i n t o  sca l e ,  and 
i n  the  surface l a y e r  of t he  blank the  hardness and b r i t t l e n e s s  are considerably 
increased. 

I n  order t o  preserve the  technological d u c t i l i t y  of a blank, t he  layer of 
metal saturated with t h e  components of a i r  i s  removed e i t h e r  by etching o r  by 
machining. 
i n  the  sca l e  and i n  the  eliminated converted layer. 

Thus, t he  heating of t i tanium a l loys  e n t a i l s  t h e  l o s s  o f  metal both 

The problem of the  quan t i ty  o f  metal l o s t  t n  technological heating, fo r  
example, i n  the  process of stamping, requires  s p e c i a l  i nves t iga t ions ,  s ince  the  
use of high heating temperatures providing for an increase i n  d u c t i l i t y  and 
f a c i l i t a t i n g  the  stamping causes an appreciable loss of the  metal i n  t h e  s c a l e  
and i n  the eliminated l aye r ,  and, although a decrease i n  t h e  heated temperature 
causes a decreased metal loss, it does not provide f o r  t he  desired d u c t i l i t y .  
Such invest igat ions should a i m  a t  t he  establishment of an optimum heating t e m -  
pe ra tu re  which provides f o r  t he  desired d u c t i l i t y  of the  metal and i t s  minimum 
l o s s  i n  the  sca l e  and eliminated layer .  The increase i n  the  weight of t h e  
blank during heating can be used as a measure of t h e  lo s s  of metal. 

To determine the  weight increase,  use w a s  made of round specimens c u t  from 
The weight of a rod which a f te r  turning were 35 mm i n  diameter and 10  mm high. 

t he  specimens w a s  about 40 g.  

The invest igat ions of t he  converted l aye r ,  i t s  thickness,  hardness and 
s t r u c t u r e  w e r e  ca r r i ed  out  on wedge-shaped bars. This shape f a c i l i t a t e s  t he  
preparat ion of oblique polished sec t ions  and the  study of t h e  depth of t h e  
l a y e r .  A sketch of such a specitpen i s  shown i n  f i g u r e  1. 

Results of t he  inves t iga t ion  of weight increase ( t ab le  1) showed t h a t  i t s  
magnitude increases  s u b s t a n t i a l l y  as t h e  heating temperature of t h e  blanks i s  
r a i sed .  Thus, for example, a f t e r  a holding t i m e  of 0.5 hr, t h e  s p e c i f i c  weight 

increase of the  specimens a t  700' i s  0.034 g/m2 h r ,  a t  800°, 0.062 g/m2 h r ,  
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Figure 1. Sketch of specimen f o r  studying 
the  s t r u c t u r e  and hardness of the  l aye r .  

500 

800 

900 

1000 

1100 
1200 

TABLE 1. INCRFASE IN WEIGEIT OF TITANIUM ALLOY m5-1 DURING 
REATING I N  AN ATMOSPHERE OF AIR I N  AN ELECTRIC FURNACE ( I N  

0.033; 
0.020; 
0.050 
0.052; 
0.059; 
0.074 

0.46; 0.47; 
0.45 

0.9; 0.9; 
0.6 

0.94; 0.94 
5.4't; 5.33 

0.5 

I 

a, 
M 
(d 
k 
e, 

2 
0.034 

O.OG2 

0.46 

0.8 

0.94 
5.4 ___ 

Holding time, h r  

1.0 
- 

Experi- 
mental 

d a t a  

0.011; 
0,020; 
0.020 
0.053; 
0.047; 
0.052 

0.27; 0?27; 
0.26 

0.58; O.GO; 
0.57 

0.96; 0.97 
4.7: 4.7 

0.017 

0.051 

0.27 

0.58 

0.96 
4.7 

. 

2.0 

Experi- 
mental 

da t a  
_ _  

0.0074; 
0.0090; 
0.012 
0.036; 
0.042; 
0.042 

D.19; 0.14; 
0.11 

3.30: 0.32; 
0.33 

3.72; 0.62 
3.4; 3.32 

a, 
M 

e, 
-2 
2 

0.0094 

0.04 

0.15 

0.32 

0.67 
3 36 

a t  goo0 0.46 g/m2 hr ,  a t  1000°, 0.8 g/m2 hr ,  and a t  l l O O o ,  0.94 g/m2 h r ,  

a t  1200°, 5.4 g/m2 h r .  

t i ons ,  a t  higher temperatures (800, 900, 1000, 1100 and 1200°), it w i l l  be, 
respec t ive ly ,  2, 14, 24, 28 and 159. A s u b s t a n t i a l  weight increase  i s  observed 
i n  passing from 800 t o  gooo (sevenfold) and from 1100 t o  1200' ( s i x f o l d ) .  

If the  weight increase  at TOO0 is  taken as uni ty ,  then, a5 shown by calcula-  

Analysis of the  da t a  obtained shows t h a t  i n  heating t i tanium a l l o y  VT5-l 
f o r  forging and stamping, one should not use a temperature above l l O O o  because 
the  metal l o s t  i n  t h e  sca l e  and i n  the  eliminated sa tura ted  l a y e r  i s  thus  
appreciably increased. 



As the holding time is increased, the specific weight increase decreases 
substantially. Thus, for example, at 900°, an exposure of 0.5 hr is associated 

with an increase of 0.46 g/m2 hr, and an exposure of 2 hrs, with only 0.15 g/m2 
hr, i.e., a loss 3.05 times smaller. A similar picture is observed at other 
temperatures as well. 

Annealing 
temperature , 

OC 

900 
1000 
1200 

A reduction in the specific weight increase with increasing holding time 
may be explained by the self-inhibition of the saturation process. The layer 
of oxides formed as well as the layer of the solid solution of impurities in 
titanFum hinder a further absorption of the components of air by the metal to 
a certain extent: the diffusion of impurities through the scale and through 
the converted layer is slowed down. 

Microhard ess  , Depth of 1 modified layer, 
of surface of core mm 
- .. 

545 300 0.12 
881 3 00 0.15 
1140 300 0.28 

___ .__ _. 

It should be noted that as the temperature is raised, the reduction in the 
weight increases with the holding time. Whereas at 9000 an increase in holding 
time from 0.5 to 2 hrs causes a 3.05 fold drop in the weight increase, at llOOo 
the weight increase is reduced only 1.4 times. This may be explalned by an in- 
crease in the rate of diffusion at high temperatures and a decrease in the self- 
inhibition effect. 

CE 
CE 
CE 

The study of the modified layer was made by means of metallographic analysis 
It was found that the surface layer as a r e s u l t  and microhardness measurements.’ 

of saturation with atmospheric oxygen acquires a greater hardness, and that the 
a structure of the solid solution undergoes a change which is visible under the 
microscope. 

F E + F N  F E + F N  
C E + F N  F E + F N  
CE + CB CB 

The results of the investigations are shown in table 2 and figure 2. 

T ~ L E  2. EFFECT OF AJDIEALING OF ALLOY m5-1 ON THE NATURE OF THE 
SURFACE LAYER FOR A HOLDING TIMB OF 1 HR 

Micros true ture 
__ 1 ------l 

of‘ transi- I tion layer of core of surface 
I ~ . I 

Symbols designating the structures: CE - coarse-grained equiaxial, 
FE - fine-grained equiaxial, FN - fine-grained nonequiaxial, CB - 
coarse-grained basketlike. 

’Ye. A. Bodrova participated in the work. 



Figure 2. 
soaked f o r  1 hr ,  x 450: 
I, a t  1 2 0 0 ~ ;  11, a t  10000; 111, a t  9000. 

Microstructures of specimens of t i tanium a l l o y  VT5-l 
a, surface; b y  t r a n s i t i o n  layer ;  e, core; 

These r e s u l t s  confirmed the  known l i t e r a t u r e  da t a  t o  the  e f f e c t  t h a t  as t h e  
heating temperature rises, t h e  hardness and depth (thickness) of the  surface 
layer of t he  t i tanium a l loys  increase.  
crease i n  the microhardness i n  t h e  surface l a y e r  of a l l o y  VT5-l from 300 t o  545 

kg/mm2 af te r  soaking a t  900°, t o  881 kg/mm* a t  1000° and t o  1140 kg/mm2 a t  
1200. 
hardness, comprises respect ively 0.12, 0.15 and 0.28 mm. 

I n  t h i s  case, t he re  i s  observed an in-  

The depth of t he  layer ,  defined as the  thickness of the  zone of g r e a t e r  

The l i t e r a t u r e  data  ( ref .  1) on the  influence of oxygen on the  hardness of 
t i tanium and i t s  a l loys  make it possible  t o  solve t h e  problem of determination 
of t he  amount of oxygen i n  t i tanium by means of t he  hardness. 

Knowing the oxygen concentration i n  the  l aye r ,  one can c o r r e c t l y  analyze 
those s t r u c t u r a l  changes which are observed as a result of annealing t h e  s ingle-  
phase a a l l o y  VT5-1. 



Photomicrographs of the  s t ruc tu res  of t he  a l l o y  a t  the surface,  i n  the  
intermediate l a y e r  and i n  the  core ( f i g .  2) a t  various soaking temperatures in-  
d i ca t e  t h a t  the s t ruc tu re  v i s i b l e  under the  microscope depends not only on the  
soaking temperature but a l s o  on . the  oxygen content;  t h i s  s t ruc tu re  changes from 
the  surface of the specimen t o  the  core. 

It would seem t h a t  oxygen, which i s  an a s t a b i l i z e r ,  should not change the  
s t ruc tu re ,  v i s i b l e  under the  microscope, of t i tanium a l l o y  VT5-1, which has a 
single-phase s t ruc tu re  of t h e  a so l id  so lu t ion  (ref. 2).  However, t he  s t ruc-  
t u r e s ,  v i s i b l e  under the  microscope, of the surface l a y e r  containing a s i g n i f i -  
cant amount of oxygen, of t h e  t r a n s i t i o n  zone and of the  core d i f f e r  neverthe- 
less ( f ig .  2). An equiax ia l  s t ruc tu re  of a so l id  so lu t ion  i s  observed i n  the  
surface l aye r ,  whereas a basket l ike s t ruc tu re  i s  observed i n  the  core. 

Such a d i f fe rence  i n  s t r u c t u r e  due t o  a nonuniform content of oxygen, re- 
s u l t s  from the  f a c t  t h a t  oxygen r a i s e s  the temperature of t he  a l lo t rop ic '  t r a n s i -  
t i o n  of t i tanium. 

Soaking of the a l l o y  a t  1200' i s  not associated by a s h i f t  of t h e  phase 
transformation boundary on cooling and produces coarse equiaxial  g ra ins  of t he  
a phase i n  t h e  surface l aye r  ( f i g .  2a1). 

I n  the t r a n s i t i o n  l aye r ,  t he  equiax ia l  s t ruc tu re  i s  obtained only p a r t l y  
( f i g .  2bI). 

phase, obtained by cooling from the  f3 so lu t ion  a f t e r  soaking i n  the  intermediate 
a + f3 region. 

It i s  present  together  with the basket l ike s t ruc tu re  of t he  a: 

The core, which i n  the  process of soaking a t  1200° cons is t s  of markedly 
grown gra ins  of t he  f3 phase, assumes a coarse baske t l ike  s t ruc tu re  with very 
l a rge  elements of the  a phase on cooling ( f i g .  ;Icy). 

Soaking of t h e  a l l o y  a t  1000° produces almost the  same r e s u l t s .  The sur- 

Both an equiax ia l  and a nonequiaxial a phase i s  observed 
f ace  l a y e r  of the  specimens has a coarse c r y s t a l l i n e  equiax ia l  s t r u c t u r a l  of t he  
a phase ( f i g .  2aII). 

i n  the  t r a n s i t i o n  l a y e r  ( f i g .  2bII), while a f i n e l y  c r y s t a l l i n e  not coarse  

baske t l ike  s t ruc tu re  i s  observed i n  the core ( f i g .  2cII), which i s  explained by 

the  absence of overheating i n  the  !3 region. 

The gooo isotherm f o r  t he  a l l o y  with an equal content of oxygen does not 
For t h i s  reason, almost no i n t e r s e c t  the l i n e s  of  t h e  phase transformations.  

nonequilibrium formations of t he  a phase a re  observed i n  the  s t ruc tu re .  

Summary 

1. The weight increase of specimens during heat ing for stamping increases  
considerably a t  temperatures above 8000 and p a r t i c u l a r l y  on heating a t  l l O O o .  
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The magnitude of t h e  s p e c i f i c  weight increase a t  various temperatures decreases 
with an increase i n  soaking t i m e ,  i nd ica t ing  a s e l f - i n h i b i t i o n  o f  t h e  absorption 
of impuri t ies .  

2. Heating of t i tanium a l l o y  VT5-l i n  an atmosphere of a i r  a t  various 
temperatures i s  accompanied by the  formation o f  an a l t e r e d  layer whose thick-  
ness, microhardness and s t r u c t u r e  depend on t h e  soaking temperature. 

3. The maximum mlcrohardness of t h e  changed layer i s  observed i n  t h e  
surface and i t s  value i s  higher  t h e  higher  t h e  temperature. A s  t h e  temperature 
i s  r a i sed ,  t h e  depth of t h e  layer increases  and reaches about 0.3 mm a t  1200'. 

4. The v i s i b l e  s t r u c t u r e  of t h e  changed surface layer and of t h e  t r a n s i t i o n  
zone d i f f e r s  from the  s t r u c t u r e  of t he  core, although the re  i s  no fundamental 
d i f f e rence  i n  t h e  s t r u c t u r e  of a l l  t h r e e  regions: t he  s t r u c t u r e  cons i s t s  of a 
s i n g l e  phase--an a s o l i d  so lu t ion .  

5 .  The s o l i d  so lu t ion  of t h e  surface zone has an equiaxial  g ra in  s t r u c t u r e ,  
while  t h e  s o l i d  so lu t ion  of t h e  core has a basket l ike or f i n e l y  c r y s t a l l i n e  non- 
equilibrium s t ruc tu re .  Such a d i f f e rence  i n  s t r u c t u r e  i s  due t o  the  f a c t  t h a t  
the surface l a y e r  highly saturated wi th  oxygen does not undergo any phase t rans-  
formations during cooling after annealing; t h i s  i s  not t r u e  of t h e  core and 
p a r t l y  of t h e  t r a n s i t i o n  layer .  

6. The formation of t h e  changed layer (even a t h i n  one) having a g r e a t  
hardness and a coarse g r a i n  seems t o  be t h e  cause o f  t h e  appearance of cracks 
i n  the  material during i t s  machining and perhaps during i t s  se rv ice  as w e l l .  

1. McQuillen, A. D. and McQuillen, M. C. Titanium. Metallurgizdat,  1958. 

2. P u l f t s k i n ,  N. M. Izv. vyssh. uchebn. zaved., Tsvetnaya metallurgiya, No .  5 ,  
1962. 



SOME CHARACTERISTICS OF THE HEAT TREATMENT OF ALMY 
AT3 WITH A LOW CONTENT OF ALLOYING ELEMENTS 

S. A. Yudina and B. K. Vul'f 

In the preceding studies (refs. l-s), the influence of heat treatment on 
the structure, properties, and thermal stability of alloys AT3, AT4, AT6 
and AT8 of normal composition was elucidated. 

The present investigation is devoted to the similar study of alloy AT3 
containing the smallest amount of aluminum and a low content of alloying 
elements; such an alloy is particularly interesting as a material for the 
production of cold rolled pipes. 

A practical objective of the present is the establishement of the optimum 
conditions of thermal treatment permitting the best combination of mechanical 
properties and, particularly, a sufficient difference in the value of the 
ultimate strength and yield strength. This would facilitate the technological 
process of pipe manufacture and would guarantee a high service reliability of 
parts operating under complex load conditions. 

MECmICAL CHARACTERISTICS OF TITANIUM ALLOY AT3 FOLLOWING 
E A T  TREATMENT. -_ 

6 . 1 %  T 2 

so0 
850 
!)OO 
U50 

1000 
1030 
1100 
lSJ0 
1200 
1250 
.. ~- 

74.9 7 3 . 3  73.9 70.770.5 
7 3 . 8  74:1 71.6 68,l (23.8 
72.7 79.6 72.9 G4.671.05 
72.3 74.2 7 3 . 0  G3.963.3 
72.3 72.6 73.5 64.GG4.5 

73.0 74.0 74 .0  G4.364.4  
7 3 . 1  72.0 71.7 64.064.5 

72.9 70.0 71.7 64.961.8 

73.0 73.0 - 63.264.4 

73.5 74.2 - 65.366.0 
-- - . . - - . -. 



The alloy was melted in a vacuum arc furnace with a consumable electrode 
by double remelting and was then subjected to forging at temperatures of 1000- 
1150'. 
materials are indicated in reference 2. 

The procedure used in the preparation and the composition of the burden 

The experimental alloy AT3 has the following chemical composition: 
cent Al, 0.9 percent (Cr + Fe + Si + B), 0.013 percent H2, 0.013 percent N2, 
and 0.06 percent C. 

2.5 per- 

The blanks cut out of the rods were studied in the initial state, after 
quenching in air from 750-1250° (at 50° intervals) and also after aging the 
quenched alloys for 100 hr at 300 and 400°. 
temperatures of 750-1100° was 1 hr and at 1150-1250°, S5 min. 

The holding time at quenching 

The mechanical properties were determined by tensile testing of Gagarin 
6 and Y and impact testing of Menager specimens by O0.2" specimens to determine cr 

with the determination of an. 

in figure I. 
The data of the tests are shown in the table and 

From these data it is apparent that as the quenching temperature is raised, 
cr and cr decrease somewhat as a whole, but at a quenching temperature of 

- 900' in the case of aging at quenched alloys at 300' for 100 hr, there is ob- 
served a small relative increase in the values of these characteristics. At 
the other quenching temperatures, aging causes little change in the strength 
characteristics. 

b 0.2 

Attention should a l s o  be drawn to the fact that as the quenching tempera- 
ture rises, there is an increase in the difference between the values of ob and 

2 which for forged alloys in the initial state, as to 3-4 kg/m , and for OO .2J 
2 alloys quenched from 850O and higher, 9-10 kg/mm . 

This is apparently due to the appearance of the B phase at the heating 
temperature, as confirmed by the data of reference 4 on the heat treatment of 
alloys Ti - Cr and Ti - Cr - Al, in which it is stated that during the ex- 
tension of specimens containing the B phase in the structure there is observed 
an increase in the difference between the ultimate strength and yield strength. 

At a quenching tem- 

perature of 800-850°, the difference between the values of ob and oOm2 is much 

greater in the case of aging at 400° than at 300°, since at higher quencging 
temperatures this difference, being appreciable in absolute value, is practic- 
ally independent of the aging temperature. 

0.2' Aging also affects the relation between cr and cr b 
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Figure 1. 
properties of alloy AT3. 
same + aging at 300°, 100 hr; 3--same + aging at b o o ,  100 hr. 

Influence of quenching temperature on the mechanical 
1--quenching with cooling in air; 2-- 

The alloys preserve a high ductility up to a quenching temperature of - 8500; a further rise in this temperature leads to a substantial decrease in 
6 and particularly Y, owing to a rapid growth of the grains and beginning of 
formation of the B phase, which converts into a coarse platelike structure 
of the a' phase during quenching. 
quenching temperatures of 900-950 . 

quenching temperatures of 825-850° (for example, at 825O an = 9.1 kgm/cm2>. 

The lowest values of I correspond to 
0 

The highest values of the impact strength of the alloy were observed at 



Figure 2. Microstructure of ally AT?. 
/ I  

initial state; b--quenching from 800~; 
from 850~; d--quenching from 950'; e--quenching from 

- 

loooo. 

x 300. a-- 
c--quenching 

It is interesting to note that aging at 300-400° sharply decreases the impact 
strength of forged specimens (in the initial state), but practically does not 
reduce the high values of impact strength characteristic of alloys quenched 
from 800-8500. This result is a clear confirmation of the practical desirabil- 
ity of carrying out the quenching and should be attributed to an increased con- 
tent of hydrogen in the alloy (0.013 percent). 



f 

It is known (ref. 5) that the solubility of hydrogen in titanium at 325O 
is about 0.2 percent, and is close to zero at room temperature; all of the 
hydrogen is contained in the y phase, which is titanium hydride. 
of slow cooling of titanium or a single-phase Q! alloy, this phase precipitates 
along the grain boundaries of the solid solution and decreases the impact 
strength of the alloy. As the alloy is heated, a complete dissolution of tita- 
nium hydride takes place, and the latter does not precipitate under quenching 
conditions, so that a restoration of the original values of the impact strength 
is observed, particularly in alloys with an increased hydrogen content. 

In the course 

a b C 

Figure 3. Fractures of specimens of alloy after various 
heat treatments. a--initial state + aging at boo0; b-- 
quenching from 750' + aging at 4009; c--quenching from 
800~; d--quenching from 8500; c--quenching from 850° + 
aging at 400°; f--quenching from 950' + aging at 400°. 

It should be noted in passing that the influence of hydrogen is manifested 
to different degrees if the aluminum content is different. 
and others, it is known that alloys having a low aluminum content (2.5 percent) 
embrittle even at a low hydrogen content (- 0.008 perdent). 

From reference 6 ' 

Apparently, an increase in aluminum content raises the solubility of hy- 
drogen in the 06 phase or retards the precipitation o f  the hydride and decreases 
the coefficient of the fusion of hydrogen in titanium. 

However, at a low aluminum content of the alloy, the inclusions of hydride 
are uniformly distributed, and at a high aluminum content, the inclusions pre- 
cipitate primarily along the grain boundaries, as a result of which Y decreases 
markedly. 

The influence of heat treatment on the mechanical properties of alloy AT3 
is confirmed by data of metallographTc analysis and by the characteristics of 
the breaks of specimens obtained under conditions of dynamic failure. In the 
initial state and after quenching from 750°, the alloy has a coarse platelike 
structure of the a' phase (fig. 2a) and is characterized by a coarsely crystal- 
line lustrous brittle fracture (fig. 3a and b). After quenching from the 
optimum temperatures, there is formed a finely crystalline structure primarily 
of the a phase with signs of steroidization (fig. 2b and c); in this case, 

31.5 
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4 75 d- 
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1 5‘1 I I I I 

quenchingBf0”Zf J f l  75 7flg 
duration of aging, hr 

Figure 4. 
aging of the mechanical properties of alloy AT3 
quenched from 850’. 1--after aging at 300’; 2--after 
aging at 400°. 

Influence of temperature and duration of 

the fracture becomes ductile, dull, and finely crystalline (fig. 3c, d 
and e). 
the a’ phase reappears (fig. 2d and e) with a coarse-grained brittle 
fracture (fig. 3f). 

On overheating to 9~O-1000°, the coarse platelike structure of 

Aging at 300 and 400° for 100 hr of specimens quenched at the optimum 
temperature of 8500 has practically little effect on the mechanical properties 
of alloy AT3. The change in properties in the course of aging is also slight 
(fig. 4). 
state. 

This indicates a high thermal stability of alloy AT3 in the quenched 

Summary 

1. Alloy AT3, which has a low content of alloying elements and is char- 
acterized by a high ductility and resistance to dynamic loads, acquires the 
best mechanical properties having quenching in air from 825-850~. 

2. The alloy quenched under these conditions as a high thermal stability 
and has the following mechanical characteristics after aging for 100 hr at 
4000: ob = 72 kg/mm2, oOa2 = 64 kg/mm2, (J = 18 percent, Y! = 52 percent, 

8 kgm/cm . 
= 

2 

3 .  
2 

The considerable difference between (J and oOs2, amounting to about 8 

kg/m , makes it possible to use the heat-treated alloy AT3 with a low content 
of alloying elements for the preparation of parts operating under complex‘con- 
ditions of stress application. 
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USE OF OPTICAL EMISSION MICROANALYSIS I N  
THE STUDY OF TITANIUM ALLOYS 

N .  V .  Korolev, S .  A .  Gorbunov and A. S.  Bogdanov 

Improvement of t he  device f o r  emission microanalysis ( r e f s .  1, 2) has 
opened up new v i s t a s  f o r  the  so lu t ion  of many problems. The s tudies  which were 
car r ied  out made it possible  t o  c rea te  conditions f o r  the performance of anal-  
yses i n  an atmosphere of i n e r t  gases,  t o  improve the  loca l i za t ion  of the analy- 
s e s ,  and t o  increase the in t ens i ty  of t he  l o c a l  a t tenuated microspark. O f  par- 
t i c u l a r  value has been the use of a microspark i n  argon i n  analyses of a l loys  
f o r  oxygen and nitrogen. 

t 

Optical  Diagram of Improved Device 

Let us consider the o p t i c a l  diagram of the modified device ( f i g .  1). The 
e l e c t r i c  spark formed between the surface of the  analyzed specimen 1 and the 
t i p  of the  microelectrode 2,  successively through the  u l t r a v i o l e t  microscope 
object ive 3, a t i l t a b l e  semialuminized mirror 4, a quartz lens  5 ,  and an achro- 

i m a t i c  s e t  of qua r t z  and l i th ium f luo r ide  lenses  6, appears i n  t h e  plane of the  
1 s l i t  of the quartz spectrograph 7 on a sca le  of 6: 1. 

A r  

Figure 1. Optical  diagram of apparatus f o r  emission analysis:  
1, sample under analysis ;  2, microelectrode; 3, microscope 
object ive;  4 ,  semialuminized mirror; 5 ,  qumtz  lens;  6, achro- 
matic set; 7, s l i t  of spectrograph; 8, i l luminat ing tube; 
9,  hinged prism; 10, lateral i l luminator ;  11, def lec t ing  prism; 
12, eyepiece; 13, chamber; 14,  nozzle of chamber; 15, di rec t ing  
cap. 
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The analyzed surface of specimen 1 may be i l luminated e i t h e r  by l i g h t  
coming from above through microobjective 3 o r  by lateral  l i g h t  from i l luminator  
10.  I n  the  former case, a hinged prism 9 which d i r e c t s  the l i g h t  from the  
i l luminat ing tube 8 i n t o  the system of t h e  microscope i s  introduced i n  order  t o  
provide i l luminat ion between the s e t  of lenses  6 and t h e  s l i t  of t h e  spectro-  
graph. 

The surfaces  of specimen 1 and of t h e  t i p  of microelectrode 2, i l luminated 
by l i g h t  coming from t h e  s ide  or  from above and repro jec ted  by object ive 3, are 
observed i n  eyepiece 1 2  by means of l i g h t  which has p a r t l y  passed through the 
t i l t e d  semialuminized mirror 4 and prism 11. 

A r e t i c l e  i n  the eyepiece of the microscope m a k e s  it possible  t o  place the  
s t ruc tu re  under ana lys i s  and the t i p  of the microelectrode i n  the  required 
pos i t ion  r e l a t i v e  t o  t h e  o p t i c a l  axis of t h e  instrument. 

Figure 2. Construction of Figure 3. Attachment 
microelectrode: a, s ide  with d i r ec t ing  groove. 
view; b ,  t op  view. 

. P 
sh 

Chamber 13 f o r  carrying out t h e  analyses i n  an atmosphere of i n e r t  gases 
> *  i s  screwed onto t h e  housing of object ive 3. 

ber  by means of rubber tubing through a lateral  connecting tube and i s  d i rec ted  
through the  nozzle in to  the burning zone of t he  microspark and onto t h e  surface 
being analyzed. The diameter of t h e  gas j e t  coming out of t h e  nozzle i s  3 mm. 
The dis tance from the  t i p  of t he  nozzle t o  the  surface of the specimen i s  4 mm. 

A d i r ec t ing  nozzle 14 i s  provided 
i n  t h e  bottom p a r t  of t h e  chamber. The i n e r t  gas i s  introduced i n t o  t h e  cham- , <  

I n  analyses f o r  ni t rogen and oxygen, one must make sure t h a t  no air i s  
sucked i n t o  t h e  j e t  of i n e r t  gas .  To t h i s  end, a d i r ec t ing  cap 1-5 whose lower 
t i p  rests on t h e  surface of analyzed sample 1 may be mounted on the  nozzle. 
The microelectrode i s  in se r t ed  ins ide  the cap by means of a micromanipulator 
through a square (2 x 2 mm) l a t e r a l  aper ture  i n  t h e  cap. 
out of the  chamber through t h i s  aper ture  and through the gap between t h e  lower 
t i p  of the cap and t h e  specimen. 

The i n e r t  gas comes 

The construction of t h e  microelectrodes used t o  ca r ry  out  t h e  microanaly- 
ses i s  shown i n  f i g .  2. 

m 
4 

The microanalysis involves the  use of a d i r ec t ing  groove i n  a quartz  p l a t e  
/ 

b 



f o r  t he  loca l i za t ion  of spark discharges on the  surface of t h e  specimen. The 
construction of t h i s  attachment i s  shown i n  f i g .  3. 

The attachment, held i n  the  electrode holder by the round end of the  e lec-  
trode,  i s  placed on t h e  surface of t he  specimen by means of the  micromanipula- 
t o r  mechanism i n  such a way t h a t  t h e  port ion under analysis  and under observa- 
t i o n  i n  the  microscope i s  located a t  the apex of t he  d i rec t ing  groove. 

By carrying out the analyses i n  an at tenuated microspark by means of a 
d i r ec t ing  groove, one can confine t h e  e l e c t r i c  discharges t o  an area up t o  
0.05 mm i n  diameter with a 10 p minimum depth of t h e  damaged layer .  

Microspark Generator 

The e l e c t r i c  c i r c u i t  of the microspark generator now i n  use ( f i g .  4) makes 
it possible t o  obtain a hard and an at tenuated microspark. 
hard microspark i s  characterized by a higher concentration s e n s i t i v i t y  and 
gives spec t ra  of elements which a re  . d i f f i c u l t  t o  exc i te ;  t he  regime of the  
at tenuated microspark is  used when it i s  necessary t o  have a highly loca l ized  
analysis  . 

The regime of t h e  

When switch S2 i s  i n  posi t ion I ,  the  current  pulses  which a re  s tored  by 

capacitor C P 

the ana ly t i ca l  gap AnG a f t e r  the arcing of AG. If t h e  capacity of t h e  weight- 
ing capacitor i s  high ( C  

ments a re  r e a d i l y  exc i ted  i n  such a microspark (hard regime of microspark). 

before the  arcing of t he  a u x i l i a r y  gap AG, pass completely through 

> 0.01 @), the  spec t ra  of ions of almost all ele- 
P 

If the switch Sg i s  i n  posi t ion 11, the  current  pulses cross  the  ana ly t i -  

c a l  gap under t h e  influence of an induced emf a r i s ing  at the  ends of t he  sec- 

ondary winding of t he  a i r -core  transformer L2when the current pulses  pass 

through the  primary winding L1 of t h i s  transformer. 

The magnitude of t h e  current  pulses  crossing the a n a l y t i c a l  gap AnG de- 
pends on t h e  capacitance of t he  conductors br inging the  current  from c o i l  L2 

t o  t h i s  gap, and not  on the  arcing voltage of the  ana ly t i ca l  gaps. 
supplementary gap SG i s  absent,  the pulses  of the current  crossing the analy- 
t i c a l  gap AnG are small, s ince  the  capacitance of the  conductors and the  arcing 
voltage are s m a l l .  As  a r e s u l t ,  t he  br ightness  of the  spark i s  w e a k .  The 
introduct ion of a supplementary gap SG raises the  t o t a l  arcing voltage of gaps 
SG and AnG, increasing the current  pulses ,  aa a r e s u l t  of which the  br ightness  
of t h e  microspark increases (regime of a t tenuated microspark) . 

When the  

The addi t iona l  gap used i s  a xenon pulse.  tube ISSh-100/1. 

3 23 



U s e  of Emission Microanalysis 

Microspectral ana lys i s  can f i n d  various appl icat ions i n  the  s tudy of t i t a n -  
i u m  a l loys  because of i t s  advantages over ordinary s p e c t r a l  ana lys i s .  
t h e  main advantages of the  microspectral  ana lys i s  i s  the s m a l l  quant i ty  of sub- 

stance required f o r  t h e  analysis  ( 10-5-10- g)  , which permits an inves t iga t ion  
without damage t o  the  analyzed items. After the  ana lys i s ,  only minor f in i sh ing  
of t h e  surface i s  necessary. Many years of experience with t h i s  device leads 
us t o  be l ieve  t h a t  the  construction of a portable  microspectral  apparatus f o r  
checking large-s ized i t e m s  i s  possible .  

One of 

6 

The ana lys i s  may be performed a t  a s t r i c t l y  defined s i t e  of the  par t ,where 
changes i n  t h e  composition of t h e  a l loy  can be expected. This advantage i s  
i r rep laceable  when it i s  necessary t o  account for t he  causes of various surface 
defec ts  . 

F i n a l l y ,  t h i s  method of ana lys i s  permits t h e  determination of elements 
which are d i f f i c u l t  t o  exc i t e  and are  present  i n  the  a l loys .  

The ex i s t ing  methods of checking for gaseous impuri t ies  i n  t i tanium (spec- 
t ra l  methods, vacuum fus ion ,  e t c . ) ,  require  the  des t ruc t ion  of t he  p a r t s ,  so 
t h a t  these methods cannot be used t o  perform layer  analyses f o r  oxygen, n i t r o -  
gen and carbon, whereas the  improved design of t h e  microspectral  u n i t  opens up 
broad perspectives i n  t h i s  d i r ec t ion .  

A series of examples given below indica tes  various means and methods of 
microspectral  analysis  drawn from the experience of studying t i tanium a l loys .  

Microspectral  Analysis of Gaseous Impuri t ies  

I n  the  process of oxidation of technica l ly  pure t i tanium VT1, t he  impurity 
elements are r ed i s t r ibu ted  between t h e  oxides and the m e t a l  layer  loca ted  under 
t h i s  c r u s t  of oxides. 

The purpose of t h e  invee t iga t ion  w a s  t o  determine t h e  chemical composition 
of the  metal (pr imar i ly  gaseous impuri t ies)  on t h e  surface of specimens of 
a l loy  VT1 heated i n  air a t  various temperatures and f o r  various periods of time. 

The study of the  chemical composition of t h e  surface layers  of t he  m e t a l  
y ie lded the  following r e s u l t s  

A t  oxidation temperatures of 1100 and 1200°, carbon, s i l i c o n  and ni t rogen,  
present  i n  the  composition of t he  m e t a l  as impur i t ies ,  concentrate i n  t h e  sur- 
f ace  layer  of the  metal t o  a depth of 10-15 p. This layer  i s  extremely s t ab le  
chemically and has  a g rea t  hardness c lose t o  t h a t  of t i tanium carbides and 

'This i s  discussed i n  more d e t a i l  i n  an a r t i c l e  by N .  V. Korolev (see t h i s  
co l lec t ion ,  p.  146). 
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Figure 4.  E l e c t r i c  c i r c u i t  of microspark generator: HR, 
high-voltage r e c t i f i e r ;  Rc, charging r e s i s t o r ;  S1, capaci- 

t a n t  switch; Cw, working capaci tors ;  AG, aux i l i a ry  gap; 

S2, switch f o r  microspark regimes; L1 and L2, primary and 

air core secondary winding of air core transformer; 

transformer; SG,  supplementary gap; AG, a n a l y t i c a l  gap; 
S 3 ,  on-off switch of supplementary gap. 

L1,2J 

n i t r i d e s .  The concentration of carbon and nitrogen on t h e  surface of t he  metal 
af ter  the  oxidation i n  air of samples of a l l o y  VT1 a t  various temperatures and 
t e s t i n g  t i m e s  can be evaluated from the  r e s u l t s  of the  analysis  shown i n  the  
t a b l e  be l o w  : 

CONTENT OF NITROGEN AND CARBON I N  SURFACE LAYERS OF SPECI- 
MENS OF TITANIUM ALLOY VT1 ( I N  PERCENT). 

_ - -  
Testing 

temperature , 
~ " c _ _ _ _ .  . -  

1200 
1200 
1200 
1200 
1200 
1200 
1100 
1100 
1100 
1.000 
1000 
900 
900 
800 
800 ~ 

.. . ___ _ _  
Duration of 

t e s t i n g  , 
H r  

. -  - 

o .05 
0.1 
0.2 
0 . 5  
1 
4 
4 
8 
16 
8 
16 
8 

16 
8 
96 

N 

0 .o 
0 - 5  
0.7 
3.6 
3.3 
1.7 
3.5 
1.7 
3.3 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 

C 

0 .Oh 
0.02 
0.04 
0.12 
0.65 
1.16 

0.3  
0 -35  
0.04 
0.06 
0.05 
o .06 
0.1 
0.14 

-- 

~ 

Note: S e n s i t i v i t y  of determination: 0.3 percent for nitrogen, 

The oxygen content i n  t h e  surface l aye r s  of t he  t i tanium samples w a s  0.1 

0.03 percent f o r  carbon. 

percent  and higher.  
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Layer Microspectral Analysis Involving Transfer 
of t he  Analyzed Substance Onto Copper P la t e s  

The nature  of the  d i s t r i b u t i o n  of a l loying elements i n  the  oxide layer  w a s  
s tudied on the  binary a l l o y  T i  + 10 percent Sn. 

The technique of t he  ana lys i s  of t h e  oxides cons is t s  i n  the  following: a 
s m a l l  amount of powder of the  oxides from the  layer  located a t  a c e r t a i n  depth 
i s  removed by means of a corundum o r  s i l i c o n  carbide scraper and placed on a 
copper p l a t e  ( f i g .  5 ) .  

The oxide powder i s  then rubbed in to  the  surface layer  of t h e  p l a t e  by 
means of the same scraper ,  or i s  spread over t h i s  surface.  The surface layer  
of the p l a t e  with the powder rubbed in to  it i s  then t r ea t ed  with pulsed d i s -  
charges of a hard microspark i n  the  u n i t  f o r  emission microspectral  ana lys i s .  
The spec t ra  obtained i n  the spark a re  photographed. The photographic f i l m  con- 
t a in ing  the  spec t ra  i s  subjected t o  photometric treatment by using the tech- 
nique described i n  r e f .  2. A r e s u l t  of t he  photometric treatment of t he  f i l m  
i s  t h e  determination of the  r a t i o  of the weight concentPation of t h e  al loying 
element t o  the  concentration of t i tanium f o r  oxide layers  located at d i f f e r e n t  
depths.  

Figure 5 .  Diagram of the  t r ans fe r  of oxide onto metal back- 
ing: 1, copper p l a t e ;  2, specimen w i t h  oxide c rus t ;  3, oxide 
c rus t ;  4, scraper made of A1 0 and S i c ;  5 ,  oxide powder. 

2 3  

Let us examine the nature  of the change i n  the r a t i o  of t he  concentration 
of t i n  CSn t o  the  concentration of t i tanium CTi i n  t he  layer  of oxides formed 
on the  surface of the a l loy  with 10 percent Sn during oxidation of a specimen 
i n  air f o r  8 h r  at llOOo: 

Outer oxide layer  from the surface 0.018 
Inner surface of outer  layer  o .036 
Outer surface of monoxide o .029 
Inner surface of monoxide 0.105 
Top layer  from the metal surface 0.33 
Average composition of a l loy  0.11 

The analysis  shows a very high concentration of t i n  i n  the layer  adjacent 
t o  the  metal. 



Emission Microspectral Analysis of Surface Layers 

Tnis method i s  indispensable i n  explaining the causes of the various de- 
f e c t s  associated with a change i n  the  composition of the  a l loy  at t h e  locat ion ! 
of t he  defects  . 

A microanalysis of r e l a t i v e l y  s m a l l  ( 3  x 3 mm) areas of the  invest igated 

W e  s h a l l  i l l u s t r a t e  the a p p l i c a b i l i t y  of t h i s  method by two examples: 
specimens makes it possible  t o  determine the  composition of layers  up t o  0.1 p 
t h i ck .  

a. The r o l l i n g  of th ick  sheets  of a l loy  AT5 i s  sometimes accompanied by 
cleavage of the  sheet .  
surface of t he  cleavage. When the  specimen i s  s t ruck with a hammer, lus t rous  
metal granules come off the cleavage surface.  The microstructural  method w a s  
used t o  analyze these granules i n  argon. It w a s  found that  the oxygen content 
of t he  granules w a s  approximately 2.5 percent.  The aluminum content of the 
granules w a s  only 1 percent .  The analyses confirm the  hypothesis t h a t  p a r t  of 
the t i tanium sponge had been contaminated with oxygen. Such sponge has a 
higher melting point  than pure sponge, and for t h i s  reason it apparently r e -  
mained s o l i d  during t h e  melting of a l l o y  AT5. This i s  indicated by a lower 
aluminum content i n  t h e  b r i t t l e  granules of the  cleavage surface as compared 
t o  the  o r ig ina l  content.  

Bright ,  b r i t t l e  p r e c i p i t a t e s  can be observed on the 

b. The e f f e c t  of oxygen impuri t ies  on the s t rength  cha rac t e r i s t i c s  of 
a l l o y  VTl5 w a s  s tudied.  According t o  t h e  microscopic analysis ,  specimens con- 
t a i n i n g  0 .1  percent O2 after being kept f o r  1 hour a t  8500 have only the 

s t ruc tu re  of B-ri. I n  specimens containing 0.4 percent 02, a small amount of 

t he  a phase is  present  a f t e r  t h e  same heat treatment.  In order t o  convert it 

i n t o  P-Ti ,  it i s  necessary t o  anneal these specimens f o r  3 hours a t  950°. After 
t h i s  heat  treatment, the  specimens with 0 . 4  percent 0 

low impact s t rength .  

heated f o r  3 hours a t  950° is  0.7 kgm/cm2. 

heated f o r  1 hour a t  850O have an  impact s t rength  of 8 kgm/cm2. 

a r e  characterized by a 2 

2 The impact s t rength  of specimens with 0.4 percent 0 

Specimens with 0.1 percent O2 

The chemical composition ( i n  percent)  of f r a c t u r e  surfaces  of specimens 
with 0.1 and 0.4 percent O2 and of the same surfaces  after etching was deter-  

mined by the microspectral  method; t h i s  made it possible  t o  evaluate  the  i n i -  
t i a l  a l l o y  composition: 

Fracture of specimen with 0.1 percent O2 after 
heating f o r  1 hour a t  8 5 0 ~ :  

O 2  
Before etching 7.5 9.9 2.00 0.5 
After  etching 8.2 9.8 2.06 --- 

Mo C r  A l  
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Fracture  of specimen with 0.4 percent O2 
a f t e r  heating f o r  3 hours a t  950' 

Before etching 
After  etching 

Mo C r  A 1  02 

5.6 8.8 2.1 1.5 
8.1 9.5 2.1 -- 

The f r ac tu re  of the specimen with 0 . 4  percent O2 takes place i n  areas en- 

r iched with oxygen and impoverished i n  molybdenum and chromium. 

It w a s  shown by means of an e lec t ron  microscope t h a t  a - T i  in te r layers  a re  
present i n  t h i s  case along the boundaries of the p grains  i n  the a l loy  w i t h  
0.4 percent 02. 

Microspe c t ra l  Analysis with Localization of 
Charges by Means of a Directing Groove 

This method of analysis  w a s  used t o  determine the  nature of the d i s t r ibu -  
t i o n  of alloying elements i n  grains of  t he  c a s t  a l loy  T i  + 5 percent A 1  -k 2 
percent V .  The ana lys i s  showed tha t  the gra in  boundaries of transformed f3-Ti 
are r i c h  i n  aluminum and vanadium. The analysis  w a s  ca r r i ed  out on grains  
approximateiy 0.5 mm2 i n  s i z e .  
l o c a l  spot 50 p i n  diameter, the  presence of 6 percent A 1  w a s  es tabl ished in-  
s tead  of the average concentration of 5 percent.  On the grain boundary i t s e l f ,  
the  aluminum content w i l l  probably be s t i l l  higher.  

A t  t he  gra in  boundaries, even i n  the  zone of a 

The enrichment of the boundaries with vanadium i s  minor. A t  an average 
concentration of 2 percent V ,  i7;s content i n  the  boundary zone is  2.2 percent,  
The enrichment of the grain boundaries w i t h  aluminum seems t o  be an important 
f a c t o r  which accounts for the  f a c t  t h a t  when the  heated a l loy  i s  cooled, t he  
transformation of P - T i  i n t o  a - T i  begins at the  gra in  boundaries. Occasionally, 
when the grains  of transformed @ - T i  a r e  very l a rge ,  boundary lamellae of a - T i  
or iented along the  boundaries of p grains  can be observed on the surface of the 
microsections. A s  the a l l o y  i s  cooled, these  lamellae a re  apparently the  f irst  
t o  form from p-T i ,  and t h i s  i s  followed by the  growth of i n t e r l aye r s  of the a 
phase within the gra in .  

Microspectral  Analysis i n  Combination with 
Selected Etching of Microstructure 

I n  solving ce r t a in  metal lurgical  problems, it becomes necessary t o  de te r -  
mine t h e  content of elements i n  the  individual  s t r u c t u r a l  components. To t h i s  
end, a reagent i s  chosen which etches one s t r u c t u r a l  component t o  a l e s s e r  ex- 
t e n t  than another. A s  a r e s u l t  of s e l ec t ive  etching,  the weakly etched s t ruc -  
t u r e  r i s e s  above the  surface of the  microsection. After the etching, a micro- 
spec t r a l  analysis  of t he  protuberances i s  performed. The presence of r idges 
can be determined by refocusing the microscope when various phases are observed, 
and a l so  when a mierointerferometer i s  used ( r e f .  3 ) .  
t i o n  of the  etchant can be analyzed after the  se lec t ive  etching.  To t h i s  end, 

I n  addi t ion,  the  solu-  



a drop of t he  solut ion i s  placed on the  specimen and, a f t e r  a su i tab le  exposure, 
i s  t ransfer red  with a p ipe t t e  onto a copper p l a t e .  The etchant  on the  copper 
p l a t e  i s  dr ied  over a burner. The sal t  deposi t  which p rec ip i t a t e s  on the cop- 
per p l a t e  i s  t r ea t ed  by discharges with a hard microspark. Such ana lys i s  r e -  

qu i res  a very s m a l l  amount of the elements ( 10°7-10-8 g ) .  
methods gives in t e re s t ing  r e s u l t s .  Thus, for example, microspectral  ana lys i s  
of the low a l loys  T i  + 5 percent A 1  + 0.8 percent Mo, T i  + 5 percent A1 + 0.8 
percent Fe ,  T i  + 5 percent A 1  + 2 percent V confirmed the presence of the SO- 

ca l led  f3 b r i t t l e n e s s  of these a l loys .  During slow cooling from the  region of 
@-Ti  i n t o  the  region of a - T i ,  a drop i n  impact s t rength  and a decrease i n  t r ans -  
verse contract ion are observed i n  these  a l loys .  Microscopic and microinter-  
ferometric analyses of the surfaces of sect ions etched w i t h  hydrofluoric ac id  
showed tha t  t h i n  in t e r l aye r s  project ing above the surface of the sect ion remain 
between the lamellae of a - T i .  

The use of such 

Comparative spec t r a l  analysis  of t h i n  surface layers  of sect ions which 
were and were not etched w i t h  hydrofluoric acid showed t h a t  a f t e r  the  etching, 
the  surface layer  i s  enriched w i t h  B s t a b i l i z e r s  -- i ron  o r  molybdenum. T h i s  
ana lys i s  shows tha t  the r idges project ing above the  surface a f t e r  etching with 
hydrofluoric acid may be the  remainders of a B phase enriched w i t h  molybdenum 
and i ron  during cooling. Photometric treatment of the spectrograms obtained 
from the  polished surfaces of t i tanium a l loys  before and a f t e r  etching with 
hydrofluoric ac id  gave the following r e s u l t s :  

Object of analysis  
Change i n  the content of 

a l loying elements 

0.8; RIo 6.0 
AI 0.70; Fe 2.1 
A1 0.70; V 0.90 

Here the  concentration of elements i n  the  surface layer  before e tching i s  
taken as uni ty .  

For the  quant i ta t ive  analysis  of the  in te r lamel la r  layers ,  the specimens 
w i t h  f3 b r i t t l e n e s s  were etched w i t h  hydrofluoric acid and washed with d i s t i l l e d  
water. A t h i n  copper p l a t e  w a s  then applied on the etched surface by hammering. 
The project ing in te r lamel la r  layers  thus become p a r t l y  wedged i n  the surface 
layer  and remain i n  the  p l a t e .  Microspectral ana lys i s  of the  p a r t i c l e s  stuck 
t o  the surface layer  of the copper p l a t e  showed tha t  i n  the  layer  with 0.8 per-  
cent  Mo they contain 14 percent Mo; i n  the  a l loy  with 0.8 percent Fe,  about 4 
percent Fe i s  present  i n  the  in t e r l aye r s .  

Metallographic Study of Titanium Alloys 

A thorough metallographic analysis  of microsections i n  both ordinary and 
polar ized l i g h t  should precede a microspectral  ana lys i s ,  s ince it revea ls  the 
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s t ruc tu re  of the  a l loy  and permits a q u a l i t a t i v e  determination of t h e  degree of 
inhomogeneity present .  I n  addi t ion t o  ord inmy and se l ec t ive  etching, a simple 
and reliable method of developing t h e  microstructure of t i tanium a l loys  i s  the 
etching of t i tanium and i t s  a l loys  by oxidation i n  air a t  300-500°. Such oxida- 
t i o n  may be accomplished by heat ing on an ordinary e l e c t r i c  h o t  p l a t e  u n t i l  
f i r s t - o r d e r  temper colors  appear. The thickness  of t he  oxide f i l m  Ti02 formed 

on t h e  s t r u c t u r a l  component of the  specimen under c e r t a i n  conditions of oxida- 
t i o n  is  r e l a t e d  t o  the  c r y s t a l  l a t t i c e  of t he  s t ruc tu re ,  i t s  chemical composi- 
t i o n ,  and the o r i e n t a t i o n  of t he  crystal lographic  axes of the gra in  r e l a t i v e  
t o  the  polished surface of t he  sect ion.  

Most usefu l  i n  the  development of the  a l loy  struc3ure is  the formation of 
T i 0 2  f i lms whose thickness va r i e s  between 300 and 750 4- on t h e  surface of the  

sect ion.  

a f i l m  480-530 A t h i ck  i s  purple ,  and a f i l m  600-750 A th ick  i s  blue and dark 
blue.  

It may be t e n t a t i v e l y  estimated t h a t  a f i l m  260-460 A th ick  i s  yellow, 

It w a s  noted t h a t  after heat ing t o  500' and exposure t o  t h i s  temperature 
f o r  several  minutes, t h e  t h i c k e s t  f i l m  w a s  formed on a - T i  on the  polished sur- 
f a c e  of a two-phase a + B a l loy .  I n  t h e  oxidation of single-phase t i tanium, 
the  thickness of the  oxide layer  formed depends on the  oxygen concentration: 
t h e  more oxygen has dissolved i n  a - T i ,  t he  th icker  i s  the  T i02  f i l m  formed. 

For example, if a - T i  i s  oxidized t o  a yellow color without oxygen, then i n  the  
presence of oxygen a - T i  under the  same conditions oxidizes t o  a purple and even 
dark-blue color .  

The s t ruc tu res  of t i tanium a l loys  may be very f i n e .  The in t e r l aye r s  be- 
tween lamellae of a - T i  and t h e  in t e r l aye r s  along t h e  gra in  boundaries a re  f i n e .  
For t h i s  reason, t he  oxidized surface of t he  specimen under a metallographic 
microscope should be examined with the  s t rongest  object ives .  I m e r s i o n  apo- 
chromatic object ives  90 x 1.30 and acromats 90 x 1.25 a re  attached t o  metallo- 
graphic microscopes f o r  t h i s  purpose. 
i s  employed, it i s  des i rab le  t o  use polar ized l i g h t ,  which makes it possible  
t o  obtain more saturated interference colors  of t he  s t ruc tures .  

When an achromatic object ive 90 x 1.25 

Before carrying out  a microanalysis of t he  surfaces of f r ac tu res ,  s p l i t s ,  
and cleavages, it i s  des i rab le  t o  car ry  out the oxidation and t o  observe them 
through the  microscope a t  various magnifications,  including the highest  ones, 
i n  polar ized l i g h t .  Unfortunately, t h i s  cannot always be done, s-ince immersion 
object ives  have a very small working dis tance.  
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DEFECT INCLUSIONS IN TITANIUM TNGGTS 

E. S. Fal'kevich, Ye. A. Lyukevich 
and A. N. Kucherenko 

At the present time, much attention is concentrated on the study of the 
nature of defect inclusions in titanium ingots and semifinished products and 
on the causes of the formation of these inclusions. 

Defect inclusions in ingots in forged or rolled semifinished products differ 
from the base metal by a very appreciable hardness and brittleness which often 
cause breaks in the continuity of the metal. 

The nature of these inclusions and the cause o f  their appearance remain 
largely unclear. 

The existing magnesiothermic method of production of titanium sponge does 
not permit the preparation of a sufficiently homogeneous sponge mass. Inves- 
tigations have shown that films at the points of contact of the sponge mass 
with the material of the apparatus ("lining film") and portions located in 
the bottom part of the lump ("dark gray sponge") differ most strongly in chem- 
ical composition from the bulk of the sponge. 

Furthermore, when the continuity of the apparatus is impaired, and also 
because of several other factors, a partial oxidation o f  the sponge in the 
course of its preparation is possible. Such sponge often has a straw-yellow 
color and less frequently a bluish-violet color. In the total mass of tita- 
nium sponge, the oxidized sponge of yellow and bluish-violet color is found 
in extremely low amounts (in the form of discrete fragments whose total weight 
is less than 0.3 percent of the whole batch). 

When the lump is knocked out of the reactor, the sponge sometimes ignites. 
The burned sponge acquires a grayish-white color (certain fragments may have a 
reddish-brown and yellowish-red color). Such sponge is included in the waste, 
and its presence even in the form of individual fragments in the batch is 
eliminated, since it does not even reach the crushing system. The chemical 
composition of the above-described forms of the sponge of the 2-5 mm fraction 
is shown in the table. The content of all the elements (except oxygen) was 
determined directly in the sponge. A control ingot could not be melted out of 
each type of sponge because of difficulties in pressing and subsequent melt- 
ing. 

For this reason, the oxygen content was determined indirectly. To this 
end, 0.5, 1, 2, 3 and 5 percent of sponge of each type was added to the high- 
grade sponge of known composition. Ingots were melted from such charges. 
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C€€EMIC& COMPOSITION O F  SOME ‘I’YPES OF SPONGES ( w t  PERCENT). 

Oxidized: yellow 
Oxidized, bluish,  

v i o l e t  

grayish-white 
Oxidized, 

Dark - g ray 

Lining f i l m  

Xote: 

0.05 

n.03 

0.04 
0.34 

7.23 

0.04 

0.04 

0 .  w4 
0.  I O  

--I 
0.10 

0.22 

0.75 

4.70 
0.(157 

-I 
0.027 

0.44 

1 . G  

2.17 
1.85 

-1 
0.03 

3.0G 

9.0 

50.0 
3.8  

-17.0 

l’Tumerator, f o r  u n i t s  made of s t e e l  1 ~ h 1 8 ~ 9 ~ ;  
denominator, for t i n i t s  nficle of s t e e l  3. 

From the  oxygen content of t:le ingots,  i t s  content i n  the  corresponding 
type of sponge w a s  calculated.  

X-ray  s t r u c t u r a l  a n a l y s i s  of a l l  t he  types of sponge (with the  exception 
of oxidized sponge of grayish-white co lor )  of the  2-5 mm f r a c t i o n  showed the  
presence of mainly one phase, titanium: The oxidized grayish-white sponge 
cons i s t s  of a mixture of two phases: r u t i l e ,  t i tanium n i t r i d e ,  and t i tanium. 

The l a t t i c e  constant of t i t a n i u m  n i t r i d e  f o r  samples of burned sponge 
contxining various q u a n t i t i e s  o r  yellowish-red o r  reddish-brown fragments 
va r i e s  between 4.212 and 14.221 A .  

A s  we know, titaniu-m n i t r i d e  ;as a cubic l a t t i c e  of N a C l  type with 
a l a t t i c e  constant of 14.213-4.235 A depending upon the composition of the  
n i t r i d e  ( re fs .  1, 2 ) .  It i s  apparent t h a t  the  l a t t i c e  constant found f o r  t he  
burned sponge corresponds t o  t i tanium n i t r i d e .  Nevertheless, i t  w i l l  b e  more 
co r rec t  t o  assume t h a t  t h e  burned sponge does not contain pure t i t a n i u m  
n i t r i d e  but  an oxyni t r ide ( s o l i d  so lu t ion  of Ti0 i n  T i N ) ,  whose composition 
i s  close t o  the  n i t r i d e .  T i 0  and T i N  form a continuous s e r i e s  of s o l i d  solu- 
t i o n s .  A n  increase i n  t h e  oxygen content of t i tanium n i t r i d e  will cause a 
decrease i n  the l a t t i c e  constant, s ince  the  l F t t i c e  constant of Ti0 va r i e s  
with t h e  composition between 4.184 and 4.153 A ( r e f .  1). 

A t  t he  f i rs t  stage,  under laboratory conditions,  it appeared of in te res t  
t o  e luc ida te  t h e  influence of t h e  above-described types of sponge (see  t a b l e )  

’Here and subsequently a “ti tanium” phase w i l l  designate a s o l i d  so lu t ion  of im- 
p u r i t i e s ,  p r imar i ly  gases, i n  t i tanium. 
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on the formation of inclusions in the ingots, and also to study on laboratory 
ingots the inclusions which appear upon the introduction of pieces of hard 
alloys into the charge. 

In addition, it is very hportant to find relatively simple and widely 
applicable methods which can be used to identify the nature of the inclusion 
in each specific case when a small amount of sample is used.l 

Method of Investigation 

The investigations were carried out on ingots of technical titanium 130 
mm in diameter melted in a laboratory vacuum arc furnace. 

In the melting of the alloys, use was made of consumable electrodes 80 mm 
in diameter. 
a 100 ton hydraulic press. 
2.4 ka. 
ing was 2-10 mm Hg. 

The electrodes were prepared by pressing into a piercing die with 
The current intensity during the melting was 1.8- 

The weight of the ingot was 7 kg. The residual pressure before melt- 
The ingot was melted from a sponge with a hardness HB = 

113-120. 

Sponge of various types of a 2-16 mm fraction (see table) was introduced 
into the electrode in two ways: 

(a) During the pressing; 

( b )  Into apertures drilled at four points (along the height) of the con- 
sumable electrode. 

In the latter case, the sponge was placed next to the central axis of 
the electrode. 7-10 pieces were placed in each aperture. In all, 50 ingots 
were prepared which contained various types of sponge: 10 ingots with the 
addition of oxidized sponge of yellow, bluish-violet and dark-gray color, 5 
ingots containing lining film, and 15 ingots containing oxidized grayish-white 
sponge. In approximately one-half of the ingots the additions were introduced 
during pressing, and in the other half, into the apertures. 

In addition, eight ingots were prepared by adding 3-10 fragments of hard 
alloys VK8 and Tl5K6 measuring 2-12 mn into each aperture drilled in the con- 
sumable electrode. 

After roughing and face grinding, the ingots were etched in a mixture of 
solutions of nitric and hydrofluoric acid. After the etching, the macrostruc- 
ture of the faces was studied, and the hardness was measured. The hardness 
was measured at 25 points on each face surface using a TSh-2 hardness tester 
at a load of 3000 kg and a ball 10 mm in diameter. 

l-It is obvious that in most cases the microchemical and microstructur.al analyses 
are amply sufficient to determine the nature of the inclusion. 
methods are quite complex and cumbersome and have been adopted by only a few 
enterprises. 

However, these 
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After the hardness was measured, a layer 5 mm thick was removed by face 
grinding. The surface was then etched again, and the hardness was measured. 
In all, 16-20 sections were examined for each ingot. 

In addition, the microhardness of the region of metal adjacent to an 
inclusion was measured at a load of 200 g with a PMT-3 instrument. 

The inclusions observed in the ingots were analyzed by x-ray diffraction. 
The characteristic radiation from a copper anode was used in the recording of 
x-ray patterns. A nickel filter was used in a VRS-3 camera to absorb KB-CU. 

Results 

The introduction into the charge of sponge of the type indicated in the 
table causes a change in the hardness of the ingot (fig. 1). The hardness 
changes most substantially when oxidized sponge of grayish-white color is 
introduced. The introduction into the charge, even in significant quantities 
(up to 5 percent) , of oxidized sponge of yellow color and of dark gray 
sponge causes an insignificant increase in the hardness of the alloy. 

q z  43 q4 gs 4s 47 6y q~ i n  / I  
distance from inclusion, mm 

Figure 1. Change in the hardness of an ingot made of technical 
titanium upon introduction of various types of sponge. 1--oxi- 
dized yellow sponge; 2--oxidized bluish-violet sponge; 3--0xi- 
dized grayish-white sponge; 4--dark-gray sponge; 5--lining film. 

Inclusions were not observed in any of the ingots containing dark-gray 
sponge, lining film, and oxidized sponge of yellow and bluish-violet color. 
No appreciable change in macrostructure and hardness was observed along the 
cross sections of the ingots (fig. 1). 

Of the 15 ingots melted with the addition of oxidized sponge of grayish- 
white color , inclusions were observed in only one ingot (fig. 2a). This ingot 
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Figure 2. Photomicrographs of inclusions in 
laboratory ingots, formed upon introduction 
into the charge of burned sponge of grayish- 
white color (a), pieces of alloy TlgK6 (b), 
pieces of alloy vI(8 (e). 

was melted by adding the sponge through the apertures. Five inclusions were 
observed at various locations along the height of the ingot. The inclusions 
were situated close to the lateral surface of the ingot. The phase composition 
of the inclusion was titanium oxynitride and 5itanium. The lattice constant 
of titanium oxynitride was found to be 4.201 A .  A certain decrease in the 
lattice constant as compared to its value in the initial phase in the grayish- 
white burned sponge is apparently due to an increase in the oxygen content of 
the oxynitride during the melting. 

Thus, the grayish-white rutile present in the oxidized grayish-white 
sponge dissolved during melting, and an inclusion formed because of the pres- 
ence of titanium nitride (more exactly oxynitride, close to the nitride in 
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composition) in the phase composition of the sponge. 
higher melting point (- 2950O) than rutile (18550). 
the different solubilities of these compounds. 

Titanium nitride has a 
This apparently explains 

The microhardness of the base metal increases sharply as the inclusion 
is approached (fig. 3). 

I \ 7  

g1 . 1  1 7-9 
47 42 g 3 4 4  85 46 4 7 z  49 (0’ 

distance from inclusion, mm 

Figure 3. Change in the microhardness of regions 
of base metal adjacent to inclusions. 1--burned 
grayish-white sponge; 2--pieces of alloy ~15~6; 3-- 
pieces of alloy VK8. 

A check with an ultrasonic flaw detector revealed an inclusion along the 
axial line of the ingot at a distance approximately one-third of the height 
from the lower end in one of the large industrial titanium ingots. 

An x-ray structural analysis of the inclusion sh9wed the presence of 
The titanium oxynitride with a lattice constant of 4.203 A and titanium. 

nature of the change in microhardness in the region adjacent to the inclus- 
ion is shown in figure 3 .  

The following remark may be made with regard to the location of a defect 
inclusion in an industrial ingot. Titanium nitride has a density of the order 
of 5.44 g/cm3, calcuated from x-ray structural data (refs. 1, 2). 
sult, when a piece of sponge, shaving or chip whose composition includes tita- 
nium nitride falls from the consumable electrode into the liquid bath, it will 
go down to the bottom of the bath. 

As a re- 

When pieces of hard alloys were inserted into the consumable electrode, 
inclusions were observed in all the ingots. It is important to note that de- 
spite the insertion of 4-5 large fragments (10-12 mm in size) into each elec- 
trode, inclusions of this size were observed in only one ingoc (in the lower 
part). In the remaining cases, instead of a large inclusion, a series of fine 
ones was found. Apparently, thermal stresses cause the hard alloys to be 
broken up into smaller particles in the course of the melting. 
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The inclusions w e r e  c h i e f l y  observed i n  the lower ha l f  of t he  ingot,  c lose  
t o  t h e  lateral surface.  

The phase composition of t h e  inclusions upon the  introduct ion of the s o l i d  

I n  the  i n i t i a l  state, t h e  p ieces  of a l l o y  TlgK6 used had the  phase composi- 
@lay TlgK6 was t i tanium and t i tanium carbide with a l a t t i c e  constant of 4.235 
A .  
t i o n  of titanium carbide and tungsten carbide.  

When pieces  of a l l o y  VK8 are inser ted ,  inclusions a r e  formed which con- 
sist mainly of a mixture  of t i tanium and tungsten carbide phases ( i n  the  i n i t i a l  
state, a l l o y  VK8 has tungsten carbide as i t s  main phase).  

The microhardness of t h e  por t ions  of t he  base metal adjacent t o  t h e  car- 
bide inclusions a l s o  changes ( f i g .  3).  However, t h e  ex ten t  of t h e  increase i n  
microhardness and the  s i z e  of the  region having an increased hardness a r e  con- 
s iderably  smaller than i n  the  case of oxidized sponge. 

A thermodynamic calculati .on shows t h a t  i n  the  temperature range of 1700- 
2200°, the  r eac t ion  

WC + T i  --.) T i c  + W 

should proceed a t  a high r a t e .  

Consequently, t he  phase composition of t he  inclusions formed when frag-  
ments of t he  hard a l loys  vK8 and Tl'jK6 drop i n t o  the  charge should be close 
t o  t h e  composition of t i tanium carbide.  It should be  noted t h a t  a n  ana lys i s  
which we ca r r i ed  out on two inclusions found i n  i n d u s t r i a l  alzoys showed the  
presence of t i tanium carbide w i t h  a l a t t i c e  constant of 4.29 A and the  pres- 
ence of a "tttanium" phase. 

As  can be s e e r f r o m  the  above r e s u l t s ,  depending upon t h e  cause of t he  
appearance of inclusions i n  t h e  ingots ,  t h e i r  phase composition and t h e  micro- 
hardness of t he  regions adjacent  t o  them a r e  completely d i f f e r e n t  from one 
another.  

Summary 

1. Oxidized sponge t i tanium of yellow and b lu ish-v io le t  color, dark- 
'gray sponge and l i n i n g  f i l m  do not  cause the  formation of defect  inclusions 
i n  labora tory  ingots  of technica l  t i tanium. 

2 .  In  some cases, oxidized sponge of grayish-white color  having t h e  
phase composition of r u t i l e  and t i tanium n i t r i d e  (more exac t ly  oxyni t r ide with 
a composition c lose  t o  n i t r i d e )  may cause t h e  appearance of defec t  inclusions 
i n  the  ingots .  Titanium n i t r i d e  seems t o  be responsible  f o r  t he  appearance of 
inclusions i n  t h i s  case.  

3 .  The introduct ion of fragments of hard a l loys  measuring 2-12 mm i n t o  
t h e  consumable e lec t rode  caused the  appearance of inclusions i n  the ingots  i n  
a l l  cases. 
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4. X-ray structural phase analysis and measurement of microhardness in 
the region adjacent to the inclusion may be used as simple methods for deter- 
mining the nature of the inclusions. 
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METASTABU PHASES OF TITANIUM ALLOYS AND 
CONDITIONS OF TIIEIR FORMATION 

S. G. Fedotov 

Introduction 

The physical and mechanical properties of alloys are known to be strongly 
dependent on their structure. By using methods of thermal and mechanical 
treatment together or separately, one can change considerably the crystal and 
phase structure of alloys, thus causing not only a change in properties, but 
frequently giving rise to completely new ones. 

Despite the practical development of certain modes and techniques of 
thermal and thermomechanical treatment of alloys, many problems still remain 
unsolved as regards the physical picture of the processes of hardening arid 
change in properties, and the meehanism of phase transformation and its 
kinetics. 

For titanium alloys, which are relatively new structural materials, the 
basic tenets of the theory of thermal and thermomechanical treatment have not 
been formulated, and the practical conditions of such treatment have been 
determined to a lesser extent than for steels. 

For this reason, the study of the mechanism and conditions of formation 
of metastable phases characteristic of titanium alloys and the accumulation of 
new experimental data in this direction are very important. 

Brief Characterization of Metastable Phases 

As we know, several metastable phases are formed in alloys of titanium 
with many transition elements (vanadium, niobium, tantalum, chromium, molyb- 
denum, tungsten, manganese, iron and other important alloying elements) on 
quenching from the B region. According to the classification of Yu. A. 
Bagaryatskiy et al. (ref. l), such phases may be the a ' ,  a" ,  w and the j3 meta- 
stable phase. 

Soviet scientists have made a substantial contribution to the determina- 
tion of the nature of the metastable phases and to the establishment of the 
characteristic features .of their formation (refs. 1-6). According to the 
studies of the authors of ref. 1, a brief characterization of metastable phases 
amounts to the following: 



II II I 11111111III1111 11111111111 II I I I I 1111 1 1 1 1 1 1 I  I IIII I 111.1111 I1  111 1111 I1 I 

The a' phase is a supersaturated solid solution based on the hexagonal 
crystal lattice of a-Ti. The formation of the cy' phase substantially increases 
the hardness of the alloys. 

The a" phase differs from the a' phase by a decrease in symmetry from 
hexagonal to rhombic as a result of considerable supersaburation of the a solid 
solution with the alloying element. This phase is formed in alloys of titanium 
with transition elements whose atomic radii are close to the atomic radius of 
titanium (V, Nb, Ta, W, Mo, Re). The hardness of alloys with the a'' phase is 
considerably lower than that of alloys with the a' phase. 

The w phase, detected only by x-ray diffraction, has a hexagonal crystal 
sbructure. Like the a' phase, it forms in all alloys of titanium with transi- 
tion metals, but only at a definite "critical" concentration of the alloying 
element. 

The metastable a ' ,  a" and w phases are mxrtensit,ic in their ?'r?chanism of 
formation. T'riis means that according to the concepts given in c e f ' n .  3, 7, 8, 
the martensite t.ra.nsformation takes place witl:oiit a changze in the ri net-nixation 
of the solid solution, i .e., without diPfusion, :is it po1ymorp:iic l..ra.ri::rc,r.~nation 
in a singl.e-corr~ponent system. 

The microstructure of the a' and a'' phase has an acicular texture chxrac- 
terist,ic of all martensitic phases. The w phase does not have an aciciilar 
texture and for this reason is referred to (refs. 1-3) as a martensitic phase 
of a special kind. 

The fixation of the metastable @ solid solution should be associated with 
a low hardness, kigh ductility indices, a low yield strength and a large dif- 
ference in the values of the yield strengtli and 'Jltirnate strength as ci)mpared 
to the analogous characteristics of the other metastable phases (refs. 9, 10). 

Characteristic Features of the w Phase 

The w phase occupies a special place among the indicated metastable phases. 
It causes the most substantial change in the physical and mechanical properties 
of the alloys, and its formation is characterized by a series o f  special fea- 
tures. We shall therefore dwell at some length on their discussion and analy- 
sis. 

The first reports of the w phase were made in 1954 by Frost et al. (ref. 
ll), who observed it in binary alloys of titanium with chromium and manganese. 
Later, the w phase was found in many other titanium alloys as well. 

The formation of the w phase causes the embrittlement of alloys; their 
hardness and strength increase greatly, and their elcstic constants rise mark- 
edly (refs. 12, 13). 

The w phase also forms during the tempering of more highly alloyed meta- 
stable B s o l i d  solutions. 



It was found that the w phase is formed in zirconium- (refs. 14, 1.5, 6) 
and hafnium-base alloys (ref. 16). 
similar change in properties was observed in hardened alloys of uranium with 
zirconium, niobium and other elements (ref. 17). 

A state analogous to the w phase with a 

For this reason, a great number of investigations have been devoted to the 
nature of the w phase and to the establishment of the conditions and mechanism 
of its formation, since the solution of this problem is of great scientific and 
practical importance reaching beyond the scope of the problem of titanium 
alloys. 

As indicated above, the w phase is observed only by x-ray diffraction. It 
does not show up under the microscope. There are no reliable data on its 
detection by the electron microscope. 
Bagaryatskiy et al. (ref. 1) - "that neither the shape nor the size of the 
formations of the w phase within the B phase have as yet been reliably estab- 
lished. 'I 

"It must be admitted'' - writes Yu. A. 

There is no consensus of opinion concerning the crystal structure of the w 
phase among researchers. 

The authors of some studies (refs. 18, l9), asserting that the crystal 
structure of the w phase is described in hexagonal axes, stress the similarity 
of this lattice to the cubic lattice. 
ascribe a pseudocubic crystal structure with a tripled lattice constant to 
the w phase. 

Other investigators (refs. 20, 21) 

Other evaluations of the structure of the crystal lattice of the w phase 
have been published (ref. 2 2 ) .  

Later, Yu. A. Bagaryatskiy (ref. 23) made a critical review of the litera- 
ture data and confirmed the results of his investigations, which agreed with 
the data of Silcock (ref. 24) to the effect that the w phase has a hexagonal 
crystal lattice. 

Nature of the w Phase 

Yu. A. Bagaryatskiy et al. (ref. 2) considered the w phase to be a meta- 
stable low-temperature modification of the j3 solid solution; this modification 
is an electron-type compound. The basis for this interpretation was the fact 
that the w phase is formed during the hardening of alloys of only a certain 
definite composition which they termed "critical" and which corresponds approx- 
imately to a constant electron concentration per atom or a constant difference 
between the number of vacancies in the d-orbital and the number of s electrons. 
V. N. Gridnev and V. I. Trefilov (ref. 6) deem it physically sound to use the 
electron concentration as a criterion for the determination of the chemical 
composition at which the w phase is formed during the hardening of the alloys. 
On this basis, they attempted (ref. 6) to generalize the existing literature 
data on the physical and mechanical properties of alloys with the w phase to 
the kinetics and mechanism of the j3 -+ w transformation as well. 
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N. V. Ageyev and L. A. Petrova (ref. 5 )  have also concluded that the role 
of the electron concentration is important in stabilizing the metastable (3 
solid solutions of titanium with various transition elements which follow the 
w phase in composition. 

Another group of researchers, mainly foreign ones (refs. 11, 25-29), 
regard the w phase as an intermediate phase forming as a result of a redistri- 
bution of the alloying elements in the f3 solid solution in the course of 
hardening or tempering of alloys. They do not, however, explain the role of 
the "critical" concentration of the alloying elements in the formation of 
this phase and do not discuss the nature of the mechanism of its formation. 

A serious impediment to the treatment of the w phase as an electron-type 
compound is, in our view, the experimental fact that the w phase has been 
observed in alloys of titanium with zirconium (refs. 14, 3l), in which the 
electron concentration remains unchanged over the entire region of composi- 
tions, according to the method of calculation adopted in refs. 2 ,  6. 

In our view, the following facts are important in understanding the nature 
of the w phase and in the establishment of the conditions and mechanism of its 
formation : 

1. The w phase is the product of transformation of the metastable (3 solid 
solution. The process of the p -, w transformation never reaches completion, 
i.e., the disappearance of the @ solid solution; the w phase always coexists 
with the metastable @ phase. 

2. The lattice constants of the w phase are practically independent of 
the conditions of formation (hardening or tempering} or of the type of alloy- 
ing elements. 

3.  The process of p + w transformation on hardening alloys from the 
"critical" concentration takes place at approximately the same or neighboring 
martensite temperatures (Ms) wh-ich are relatively low (-300-500° 1, indepen- 
dently of the alloying elements. 

4. The temperature of formation of the w phase during the tempering of 
more highly alloyed metastable solid solutions is approximately 180- Too0 and 
is practically equal to the temperature of formation of the w phase during 
hardening ( Ms ) . 

5 .  The formation of the w phase is always accompanied by an increase in 
the density of the alloys. 

6 .  As was noted above, a characteristic feature of the w phase is that it 
does not show up under the microscope or the electron microscope and that dif- 
ficulties arise in the interpretation of its crystal structure. 

The above experimental facts lead to the fol lowing conclusions: 

First, the constancy and independence of the lattice constants of the u) 
phase from the conditions of formation (hardening of the alloys from the 
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"critical" concentration and tempering of more highly alloyed metastable B 
solid solutions) indicate its identical chemical composition in the case of 
alloys of the same kind. 

Second, the constancy of the lattice constants of the w phase in alloys of 
various systems indicates the same contribution mad-e by different elements to 
the formation of the structure and parameters of the w phase. Therefore, the 
chemical. composition at which the w phase is formed in titanium alloys of vari- 
ous systems can be termed the "equivalent" composition. 

In this connection, it should be expected that individual volume elements 
of an individual 8 solid solution which have undergone the @ --t w transforma- 
tion should generally have, independently of the alloying element, the same or 
a similar state characterized primarily by a closeness in the value of the 
lattice constant. This assumption should be obviously more applicable to 
alloys with the "critical." concentration of the alloying elements, since in 
the latter the greatest number of volume elements undergo the fl --f w transforma- 
tion on hardening, and hence, the original chemical composition of these alloys 
w i l l  provide the truest ar.d most reliable reflection of the changes which they 
induce in the lattice constant of 8-Ti. 

The data available in the literature constitute a sufficiently reliable 
confirmation of this conclusion. Tile authors of ref. 1 found that the lattice 
constant of the fl solid solution of the systems Ti - W, Ti - Mo, Ti - Cr, 
Ti - Mn, which undergoes a @ + LU transformation on hardening, has approximately 
the same value equal to 3.255-3.26 kx. 

The data of ref. 1 and the results of other investigations (refs. 32-37) 
of the lattice constant of the p pF,ase a l s o  indicate its linear variation with 
the composition for various alloying elements over a wide region of existence 
of fl solid solutior,s. Alloy compositions during the hardening of which the w 
phase is formed al?, follow this dependence. Hence, the main and overriding 
significance of tlit :hemica1 composition of an alloy in the formation of a meta- 
stable phase including the w ptase does not lie in a special function or special 
nature of the initial composition as such, but in the change which this composi- 
tion induces in the principal parameter of the martensite transformation, i.e., 
the temperature M since the structure of the products of the transforEation, 
their chemical composition, and the degree of metastability will depend on the 
level of the temperature of the martensite transformation and the time during 
which they are exposed to this temperature. 

S' 

Thus, the analogy and similarity in the structure of various metastable 
phases in the systems of titanium with various elements characterized by the 
same type of interaction result from a similarity or closeness of the values 
of the temperatures of martensite transformations. Furthermore, the similarity 
in the values of the temperatures of martensite transformations and tempering 
temperatures at which the w phase forms in the alloys may indicate an identity 
of its physical nature and a single common mechanism of formation, not two 
mechanisms, which would be the diffusionless, i.e., martensitic mechanism, and 
the diffusion mechanism, as is sometimes indicated in the literature (refs. 30, 
38) 
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By analogy with t h e  conditions of formation of t he  w phase, one can expect 
t h a t  other  @ s o l i d  solut ions of various systems w i t h  d i f f e r e n t  contents of 
a l loy ing  elements w i l l  a l s o  undergo a $ -t a transformation during hardening a t  
the same martensite temperatures (Ms) if t h e  value of the constant of t h e  i n i -  
t i a l  B s o l i d  solut ions was the  same. 

From t he  above there  follows a s c i e n t i f i c a l l y  and p r a c t i c a l l y  important 
statement of t h e  problem which e s s e n t i a l l y  amounts t o  the  following: 
temperature level of the martensi te  transformations determines the  s t r u c t u r e  
of the a l l o y s  hardened from the B region and hence t h e i r  p rope r t i e s ,  then i n  
order t o  be able t o  control  t h e  process of phase transformations including t h e  
martensite k ine t i c s ,  i n  order t o  c o r r e c t l y  determine t h e  chemical composition 
of t h e  a l l o y s  and t o  know t h e  optimum p o s s i b i l i t i e s  of these a l loys ,  one must  
know the  physical  nature of the temperatures of t h e  martensite transformations 
( Ms) , i .e. , e s t a b l i s h  the  causes of such pronounced influence of chemical com- 
pos i t i on  on Ms, t h e  independence of Ms from the  cooling ra te  when t h e  c r i t i c a l  
r a t e  i s  reached, e t c .  

s ince  t h e  

According t o  r e f s .  40-42, t he  temperature range of formation of t h e  w phase 
during t h e  hardening of a l loys  i s ,  a s  w a s  noted above, characterized by a com- 
pa ra t ive ly  low value (- 300-500°). A t  such temperatures, t h e  displacements of 
t he  atoms i n  t h e  t i tanium a l loys  a r e  markedly hindered, but a r e  s t i l l  possible  
under c e r t a i n  s p e c i f i c  conditions.  Therefore, it may be assumed t h a t  t h e  pro- 
cess of t h e  B * a! transformation which has s t a r t e d  a t  comparatively low tem- 
pe ra tu res  i n  various volume elements and which takes  place at t hese  temperatures 
during an extremely shor t  time i n t e r v a l  ( i n  t h e  course of hardening) does not go 
t o  cornpletion, i . e . ,  does not reach t h e  formation of t h e  low-temperature hexa- 
gonal c r y s t a l  l a t t i c e  of a - T i ,  but s tops  a t  some intermediate s tage  ( ac tua l ly ,  
t h i s  process a l s o  takes  place a t  room temperature a t  an extremely slow r a t e ) .  
For t h i s  reason, such a s t a t e  of t he  a l loy ,  character ized by a p a r t i a l  d i s -  
placement of t h e  atoms i n  various volume elements of t h e  metastable p s o l i d  
solut ions and ca l l ed  t h e  w phase, shows up ne i the r  under t h e  microscope nor 
under the  electron microscope, does not cause the  formation of an ac i cu la r  r e -  
1-ief, and i s  ac tua l ly  observed only by means of x-ray d i f f r a c t i o n .  This i s  
what causes t h e  obstacles  encountered i n  t h e  i n t e r p r e t a t i o n  of t h e  c r y s t a l  
s t r u c t u r e  of t h e  w phase. 

The formation of t h e  w phase i n  t h e  course of tempering a l s o  ind ica t e s  t h e  
necess i ty  of r e d i s t r i b u t i o n  of t h e  al loying elements i n  t h e  i n i t i a l  p s o l i d  
so lu t ion  over impoverished spaces which s a t i s f y  t h e  $ --t w transformation i n  com- 
pos i t i on ,  and over enriched port ions,  which become more s t a b l e .  This has been 
experimentally confirmed by seve ra l  authors ( r e f s .  14,  39) who s tudied t h e  decom- 
pos i t i on  k i n e t i c s .  Such a phenomenon i s  ca l l ed  t h e  demixing of B s o l i d  solut ions.  

Data on the  dens i ty  of metastable a l l o y s  seemed very important t o  us  f o r  
expanding and deepening t h e  concepts of the transformation processes.  Based on 
t h e  difference i n  t h e  c r y s t a l  s t r u c t u r e  of t h e  end products of t h e  transforma- 
t i o n  of t i tanium (a- and @ - T i )  and t h e  g rea t  d i f f e rence  i n  t h e  parameters a 
and c of t h e  hexagonal c r y s t a l  l a t t i c e ,  it may be assumed t h a t  i n  t h e  process of 
t h e  B-tatransformation,  c e r t a i n  atoms of the o r i g i n a l  u n i t  c e l l  execute displace-  
ments which are d i f f e r e n t  i n  magnitude. Apparently, t h e  atoms which form param- 
e t e r  c i n  t h e  CYI lathice (we sha l l  r e f e r  t o  them as c atoms) a re  displaced t o  a 
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greater extent in the process of the a * @ transformation than are the a atoms 
making up parameter a. 

The observed increase in the density of the alloys upon the formation of the 
w phase as compared to the density of the equilibrium alloys with the a + B 
structure makes it possible to state that in the process of the rearrangement of 
a cubic lattice into a hexagonal one, the c atoms come closer together. The fix- 
ation of this state constitutes the essence of the formation of the w phase, i.e., 
the first stage of the B -+a! transformation. A further displacement of these 
atoms, executed as the temperature is raised, carries the formation of the hex- 
agonal crystal lattice to completion and leads to the appearance of an acicular 
microrelief, i.e., to the formation of supersaturated a' solid solutions. The 
decrease in density and the formation of an acicular microstructure observed 
during the second stage of the transformation indicate that in the course of 
their further movement, having passed the energy barrier during their approach, 
the atoms diverge in different directions to somewhat greater distances than in 
the equilibrium a lattice. This process can be visibly manifested only during 
heating, when conditions are created for the expulsion of the excess quantity of 
atoms from regions undergoing the B -+a transformation, to a composition corre- 
sponding to the formation of supersaturated a' solid solutions. 
transformation and the process of redistribution of the alloying elements in 
the initial B solid solution constitute one and the same process, since the 
latter involves the same moving forces and the same mechanism of the elementary 
event of displacement of atoms. This process constitutes the essence of 
kinetics of martensite transformations. 

The @ 4 a 

Thus, the polymorphic @ z a transformation occurs in at least two stages. 

In alloys with a lower content of alloying elements up to pure titanium, 
the process of the martensite fl -+ a transformation does not, in our  opinion, 
differ in mechanism from the above-described case of the w phase. The differ- 
ence lies only in the kinetics, i,e., in the rate at which the individual 
stages of transformation take place. In the case under consideration, the in- 
termediate state with the w phase cannot be fixed because the displacements of 
the atoms occur at an appreciably higher rate and are carried to completion, 
resulting in the formation of an a crystal lattice. 

However, if conditions are created which hinder such a transformation, 
for example, by means of hydrostatic pressure, then it might be possible to 
identify a state similar to the w phase in alloys with lower contents of alloy- 
ing elements and in pure titanium. 1 

Another indirect proof of the two-stage occurrence of the process in low 
alloys of titanium and in titanium itself are volume changes. By analogy with 
the volume effect in a fl -.) w transformation, one should expect that the occur- 
rence of the first stage of the @ --i a transformation should be accompanied by 

'After the manuscript of the article was sent to the publisher, the paper of 
J.C. Jamilson appeared (Science, 1963, 140, No. 3562) which reported the 
formation df the w phase in titanium and zirconium at high temperatures. 
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an increase in density, i.e., a decrease in volume, and that the occurrence of 
the second stage (w 4 a') should be associated with a decrease in density. 

Finally, in alloys with a higher content of alloying elements than the 
"critical" concentration, the process of @ -+ QI transformation does not begin 
at all, i.e., does not manifest itself to any appreciable extent, since the 
temperature of the martensite transformation in the case of extrapolation of 
the corresponding curves is close to room temperature. 

Such a state has been termed stabilization of an unstable @ solid solu-  
tion. 
follow and identify all the stages of the fl -+a transformation under condi- 
tions where its course has been slowed down. 

A study of its decomposition on slight heating makes it possible to 

Conclusion and Formulation of New Investigations 

Summing up the results of the examination of the available data and their 
analysis, one can conclude that the w phase, which is the product of an in- 
complete polymorphic @ -+a formation, constitutes one of the stages or steps 
of this process. The incompleteness of the process results from the low tem- 
perature of the start of its appearance. At such a temperature, the redis- 
tribution of the alloying elements in the initial metastable @ solid solution 
over impoverished and enriched regions as well as its further expansion and 
occurrence in a hard elastic medium preventing this transformation are hindered 
before the formation of a close-packed hexagonal crystal lattice. In this 
process, the stage of formation of the w phase has a beginning, but no end. 

The other metastable phases essentially express the step of completion of 
the @ -+ a transformation. 

In crystal structure, a' and a" phases are the products of the completed 
transformation, whereas in the metastable B phase such processes have not be- 
gun at all, i.e., this phase is one with the greatest nonequilibrium character. 

In evaluating the pmblem of the $ -+ QI transformation, the physical nature 
of the elementary event of the process of B 4 w transformation and its moving 
forces remain unclear, and the kinetics of the transformation and formation of 
metastable phases have not been determined. The physical meaning of the tem- 
perature of martensite transformations and its strong dependence on the che'mical 
composition have not been accounted for. 
chemical composition of the w phase which frequently but not always corresponds 
to approximately the same electron concentration per atom have not been estab- 
lished. Because these and other problems have not been solved, the causes of 
such pronounced influence of the structure of metastable alloys on the physical 
and mechanical properties and the completely new properties acquired by them 
remain insufficiently clear. 

The factors determining a definite 

Hence, it becomes necessary to conduct further investigations which w i l l  
bring us closer to the knowledge of the phenomena taking place in metals and 
alloys. 
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In planning new investigations, we proceed from the concepts that the pro- 
cess of polymorphic p 2 a transformations, i.e., the process of rearrangement 
of one order in the distribution of atoms into another under the influence of 
temperature, pressure of composition, consists in the loss of elastic stability 
of one crystal lattice and its transfer into another, more stable state under 
the given conditions. 

Important information in this regard may be obviously obtained by study- 
ing elastic properties. To this end, we have carried on for a number of years 
systematic investigations of elastic constants (Young's modulus, shear modulus 
and Poisson's ratio) of binary, ternary and more complex titanium alloys as a 
function of the composition and structure. 

It is well known that the metastable a', a", w and f i  phases discussed 
above are formed in alloys of titanium with transition elements whose inter- 
action is characterized by: 

(1) An unlimited solubility in p-Ti and a low solubility in a-Ti, but 
one that increases with rising temperature (molybdenum, vanadium, niobium, 
tantalum) ; 

(2) 
solubility in a-Ti with decreasing temperature below the eutectoid temperature, 
at which the 
iron, manganese, cobalt, nickel, etc. ) . 

A high or unlimited solubility in p-Ti and a very low and decreasing 

solid solution undergoes a eutectoid decomposition (chromium, 

Thus, in order to attempt an observation of the common and diverse phe- 
nomena of the formation of metastable phases and to be able to compare these 
data with one another and with the phase diagram, we studied the elastic 
properties of alloys of a series of systems both of the first type1 
Ti - V, Ti - Nb, Ti - Ta, Ti-Mo -V, Ti - Mo - Nb, Ti - V - Nb and Ti - Mo - 
V - Nb) and second type2 
Ti - Ni). 

(Ti - Mo, 
of interaction (Ti - Cr, Ti - Fe, Ti - Co, Ti - Mn, 

The results of the investigation and their analysis w i l l  be presented in 
the next paper. 

'In cooperation with 0. K. Belousov. 
*In cooperation w i t h  Ye. P. Sinodova. 
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